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INVESTIGATING NICKEL PARTITIONING IN A
CONTAMINANT AQUIFER
Suama Ndengu, M.S.
Western Michigan University, 2005
Improved prediction of the transport and bioavailability of metals in contaminated
sediments demands a better quantitative understanding of how metals partition
between aqueous solutions and mineral phases. This research examines the
partitioning of nickel in a contaminated aquifer from Grand Rapids, Ml.
Contaminated aquifer sediments were examined using the five step Tessier et al.
(1979) operationally defined sequential extraction procedure to determine the solid
phase distribution of nickel in the aquifer sediments. Models used to guide
remediation efforts at the contaminated site assume that Ni behavior can be predicted
based on Ni adsorption onto ferrihydrite (HFO). Although sequential extraction
results from this study demonstrate that Ni partitions primarily into Fe/Mn oxide
phases, adsorption experiments demonstrate that interactions between nickel and
aquifer sediments cannot be predicted from Ni adsorption onto HFO alone. This
research shows that other phases present in the aquifer, e.g. clay minerals, Mn oxides
or organic matter, may significantly affect Ni speciation. The combination of
sequential extraction methods and adsorption experiments used in this study
significantly advance the empirical understanding of Ni distribution in the subsurface,
thus aiding the selection of appropriate remedial efforts for contaminated sediments.
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CHAPTER I
INTRODUCTfON
I .I

Background
Trace metals are defined by their typically low concentrations in the natural

environment. Natural processes such as weathering (Fischer and Gaupp, 2005;
Garrels and Mackenzie, 1971; Meybeck, 1987; Oliva et al., 2004), microbial activities
(Fein et al., 200 I b; Sposito, 1984; Sposito, 2004) and diagenetic processes (Dever et
al., 1988; James and Parks, 1975; You et al., 1995) can concentrate trace metals, such
that they reach high levels in particular environments (e.g., within ore deposits).
Trace metals can also become concentrated locally via anthropogenic activities, such
as via mining, smelting, manufacturing and agricultural waste disposal (Benner et al.,
1997; Blowes and Jambor, 1990; Bowell and Bruce, 1995; Younger, 2000).
Elevated levels of some trace elements can have detrimental effects on natural
ecosystems and human health (Bragigand et al., 2004; da Silva et al., 2004;
Lansdown, 1995). For example, mining of sulfide ore deposits generates large
quantities of acidic, heavy-metal laden waste, which can flow into surface waters or
percolate through the subsurface into groundwater (Bowell and Bruce, 1995; Johnson,
1986; Leblanc et al., 1996; Nordstrom, 1982; Salomons and Forstner, 1984; Stefanoff
and Kim, 1994; Stumm and Morgan, 1995). This can result in a significant ecosystem
and human health threat (Martin et al., 2003; Senko et al., 2002; Suzuki et al., 2003).
For example, (Nordstrom and Alpers, 1999) report that acid mine water drained from
1

the Iron Mountain mining site in California into the Sacramento River killed about
470,000 trout in one week. Similarly, Nordstrom and Alpers (1999) report how
copper and zinc mining wastewater released into the Bleikvass River in Finland killed
most salmon in the river. Humans that ate the fish in the river also became very ill.
Vontumpling et al. (1995) showed elevated mercury concentrations of between 18
and 160 ng/l (filtered) in the groundwater and 23 to 198 ng/g (dw) in sediments at a
goldmine area in Northern Pantananl Region Mato-Grosso, Brazil. Mercury leached
from the tailings to the subsurface subsequently flowed into two nearby rivers
dama�ing the aquatic ecosystem and also poisoning people.
Increased global demand for supplies of safe and sustainable drinking water
creates a particular concern regarding protection of drinking water sources, both
groundwater and surface water, from toxic trace materials (Istok et al., 2004; Lovley
et al., 1991; Martin et al., 2003; Spears et al., 2000). Protecting existing water
supplies has become an interdisciplinary task with environmentalists, microbiologists,
geochemists and hydrogeologists investigating methods to remediate contaminated
water supplies. Soils and sediments represent a major potential sink for metals
released into the environment, and are thus important in regulating the concentrations,
transport and bioavailibility of many chemical species in near surface aquatic systems
(Davis and Kent, 1990; Drever, 1982; Koretsky, 2000; Sposito, 2004; Stumm, 1987).
For example, removal of trace and heavy metals from groundwater and subsequent
retention by aquifer sediments, either via surface adsorption or mineral precipitation,
can be important for maintaining acceptable water quality standards (Davis and Kent,
1990; Leckie et al., 1984; Sposito, 2004).
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The bioavailability of metals in polluted sediments depends on the total
concentration of the trace metal and the aqueous and solid phase metal ion speciation
(Allen et al., 1993; Campbell, 1995). The geochemical mechanisms influencing the
bioavailibility of metals to aquatic organisms have been shown to be complexation in
aqueous solution; sorption at particulate surfaces of clays, organic matter, iron and
manganese oxides; precipitation in the lattice of secondary minerals like carbonates
and sulfides; and occlusion in amorphous materials such as iron and manganese
oxyhydroxides, iron sulfides or remains of biological organisms (Cances et al., 2003;
Chao, 1984; Engler et al., 1974; Perkins and Palmer, 2000; Salbu et al., 1998; Tessier
and Campbell, 1988; Tessier et al., 1979; Tessier et al., 1982; Wen et al., 1998)
Because sediments play a very important role in determining the bioavailability and
toxicity of metals from both natural and anthropogenic sources, it is imperative that
improved methods for measuring and quantifying metal partitioning be developed,
hence enabling the remediation of existing trace metal contamination and allowing
strategies to be developed to reduce future contamination (Bendell-Youg et al., 2002;
Burdige, 1993; Goldberg and Sposito, 1984a; Goldberg and Sposito, 1984b; Istok et
al., 2004; Senko et al., 2002; Stumm and Morgan, 1970; Suzuki et al., 2003; Turner et
al., 1981; Wen et al., 1998).

3

1.1.1

Sequential Extraction Techniques
Potentially toxic metals are often present at very low concentrations, even in

contaminated environments, and near-surface sediments are often fine-grained and
contain many clays and amorphous minerals that are difficult to identify using
"traditional" mineralogical approaches (Davis and Kent, 1990; Sposito, 2004; Tessier
et al., 1979). Furthermore, trace metals are frequently found in a wide variety of
different solid phases. For example, the ionic radius of divalent nickel is close to that
of divalent Fe and divalent Mn allowing these three elements to substitute readily for
each other in the crystal lattices of many silicates and oxides. Thus, nickel is
commonly found in a variety of minerals including the oxide busenite (NiO), sulfide
+

nickel hexahydrite ((Ni,Mg,Fe2 )SO4.6H2O), the silicate liebenbergite (Ni,Mg)2SiO4 ,
the carbonate (Ni,Mg,Fe2+)CO3 and the nickeliferous form of limonite (Fe,Ni)OOH.
Additionally, nickel may be found in smaller concentrations substituting for Fe(II) or
Mn(II) in a wide variety of rock-forming minerals and mineraloids. For example,
+

+

(Tommaseo et al., 2004) show how Ni(II) replaces Mn3 /Mn4 in both bimessite and
lithiophorite. Thus, development of analytical techniques able to reliably distinguish
and measure the concentrations of metals such as Ni in all of the potential solid phase
species found in environmental samples is quite challenging (Bendell-Youg et al.,
2002; Tokalioglu et al., 2000). Spectroscopic and microscopic techniques such as X
ray diffraction, X-ray adsorption and Infrared spectroscopy can be used to generate
detailed information for individual mineral
phases but are difficult to apply to fine
•'
grained, complex mixtures of minerals (Chao, 1984; Prokop et al., 2003; Tessier and
Campbell, 1988).
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For these reasons, a number of operationally defined sequential extraction
methods have been designed to identify groups of mineral phases and metals
associated with them. These methods employ chemical reagents to selectively and
sequentially dissolve or extract particular components or substrates of materials from
the complex solid mixtures composing soils and sediments (Lena and Gade, 1997;
Ngiam and Lim, 2001; Nirel and Morel, 1990; Tessier et al., 1979; Tipping et al.,
1985). The sequential extraction approach is time consuming but can provide detailed
information about the mode of occurrence, biological and physiochemical
availability, mobilization and transport of trace elements (Tessier et al., 1979).
There are many sequential extraction schemes described in the literature
(Campanella et al., 1995; Chao, 1984; Chester et al., 1985; Cid et al., 2002; Dean et
al., 1998; Kersten and Forstner, 1986; Kostka and Luther, 1994; Salomons and
Forstner, 1984; Tessier et al., 1979; Weston and Maruya, 2002). All of these proposed
methods are based on the principal that a series of single reagents can be used to
extract defined phases from sediments in sequence. The different extraction schemes
have different steps, each targeting different phases; many of the sequential
procedures in common use are based on a five-stage procedure developed by Tessier
et al. (1979) and modified by Tessier et al. (1982). The five phases targeted with this
method are:
1. Bound to exchangeable: comprised primarily of trace elements loosely
adsorbed on components such as clays, Fe and Mn- oxides and humic acids.
2. Bound to carbonates: comprised primarily trace metals coprecipitated in
carbonates
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3. Reducible or bound to Fe-and Mn oxides: comprised mainly of trace metals
associated with Fe and Mn oxides present as cement, concretions or nodules
between particles or present as coatings on particles.
4. Oxidizable or bound to organic substances: comprised mainly of trace metals
associated with various forms of organic material, living organisms or
coatings on mineral particles; likely also removes some sulfides.
5. Residual fraction: comprised mainly of trace metals contained in the lattices
of primary and secondary aluminosilicate minerals and trace metals occluded
within these particles.
The Commission of the European Communities Bureau of Reference (BCR)
recommends a sequential extraction procedure based on Salomons and Forstner
(1984) and Davidson et al., (1994) that excludes the carbonate step proposed in the
Tessier scheme. Chester et al. (1985) and Campanella et al. (1995) introduced a
humic associated fraction into the Tessier scheme. Kostka and Luther (1994)
developed a sequential method that focuses on extracting iron from various solid
phases in marine sediments. Weston and Maruya (2002) used a digestive fluid
extraction using fluids from worms such as deposit-feeding polychaetes to extract
trace metals m estuarine sediments and also polycyclic aromatic hydrocarbons
associated with the polychaetes.
All of these operationally defined sequential extraction methods have
significant limitations. For example, Tessier et al. (1979) notes that the inherent
heterogeneity of sediments is a possible problem, because the small sample sizes used
for the extractions might not yield representative results. However, Tessier et al.
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(1979) suggests that sieving soil sediments can vastly improve results. Tessier et al.
(1988) suggest that the sequential procedure suffers from a lack of selectivity as was
already shown by Chao and Sanzolone (1977); for example, H2 O2 addition to extract
organics also attacks sulfide minerals. Also, Ngiam and Lim (2001) suggest that the
organics step utilizing H 2 O2 does not extract all organic material from many types of
sediment. Ngiam and Lim (2001) related that another shortcoming is keeping the in
situ redox state of samples, especially anoxic sediments, during extractions. In their
research they found that the reducible fraction after each step had been oxidized,
despite the maintenance of an oxygen-free environment; this leads to an
overestimation of the reducible fraction. Tessier and Campbell ( 1988) suggest that a
major problem is the re-adsorption of extracted trace metals on the remaining
sediment phases and that it often causes a shift in the apparent metal distribution
pattern.
Ahnstrom and Parker (2001) suggest that sequential extractions have limited
ability to predict bioavailibility because the metal concentrations measured by
extractions do not necessarily correlate to the metals available to soil organisms. In
their research they tried determining the amount of cadmium in a soil using both
sequential extraction and isotope dilution procedures. The amount of cadmium
obtained by sequential extractions was always lower than the amount obtained by
isotope dilution. Ahnstrom and Parker (1999) showed that Cd extracted in the
"organic" fraction was actually dominated by Cd from inorganics because Cd was
found dominantly as an impurity in the ZnS mineral sphalerite. They concluded that
the reason why cadmium is lower in the sequential extraction fractions is that there is
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a predominance of inorganic forms, m particular the cadmium was occluded in
sphalerite so one could expect it to be extracted with the sulfides. They further
concluded that isotopic diffusion through orgarnc matter 1s probably faster than
sequential extraction, due to the structural lability of humic materials and thus
sequentially extracted Cd concentrations were lower due to the fact that the procedure
is not long enough to attack the Cd occluded in the sphalerite.
Despite all of these potential drawbacks the sequential extraction procedure is
still one of the most widely used to characterize metals present in sediment fractions
that are soluble or readily released compared to metals in fractions that are more
bound and thus immobile (Howari and Banat, 2001). Sequential extraction procedures
are also used as aids to understand adsorption- desorption reactions of metals ions
within aquifer solids and to study the effect of partial dissolution of mineral surface
coatings (Chao, 1984).

1. l .2

Metal Adsorption Reactions
Sequential extraction methods can be used to analyze the speciation of metals

between various sediment fractions. However, to predict metal speciation, and thus
mobility and bioavailability, it is necessary to quantify important reactions such as
mineral precipitation and dissolution reactions and sorption of metals at mineral
surfaces. The importance of sorption reactions to the distribution of trace metals and
enhancement of metal toxicity in the environment, such as described earlier, is
indisputable. For example, adsorption of metals and organic species has been shown
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to decrease their toxicity in both surface and groundwater (Coston et al., 1995; Fein et
al., 2001a; Fuller et al., 1996; Stollenwerk, 1994; Yee and Fein, 2001).
Sorption • is a collective term encompassing adsorption, absorption and ion
exchange processes. Sorption processes involve mass transfer between solids and
aqueous solution whereby trace metals or other dissolved chemical species are
removed from an aqueous media (Appelo and Postma, 1993; Drever, 1982; Sposito,
2004). Absorption refers to the process where a chemical species is taken into the
crystal lattice of a mineral via fractures, pores and discontinuities (Drever, 1982).
Adsorption is defined as a process whereby a chemical species including cations,
anions or neutral species chemically or electrostatically bond to a mineral surface. Ion
exchange is a process in which a chemical species, typically a cation, is exchanged
for another at a solid .surface or clay mineral interlayer (Appelo and Postma, 1993;
Drever, 1982). Precipitation is considered to be a "3-dimensional" process distinct
from the "2-dimensional" adsorption process involving individually adsorbed species,
although the different mechanisms of metal removal from solution are not always
readily discernible (Appelo and Postma, 1993; Sposito, 1984). Adsorption reactions
are typically written as follows:
>SOH + Me2 +----+ >SOH-Me2

+

(1)

where Me denotes a metal species (e.g. Ni); >SOH denotes a surface site (also known
+

as the sorbent site), and >SOH-Me2 denotes the site with adsorbed metal (Anderson
and Rubin, 1981; Dzombak and Morel, 1990; Sposito, 2004; Stumm and Morgan,
1995). There are many factors that influence or enhance the ability of a dissolved
species to adsorb on a mineral, including: temperature, salinity, the form of the

9

dissolved chemical species (e.g.. oxidation state, aqueous complexation), pH and
1omc strength of the solution, the presence of competing adsorbates, the crystal
structure of solid substrate, and the time of contact (e.g., (Davis and Kent, 1990;
Koretsky, 2000; Leckie et al., 1984)). For strongly adsorbing ions, there is typically a
narrow pH range over which the adsorbed ion concentration goes from near zero to
100% adsorption. For cations, adsorption increases with pH increase as protons are
released from mineral surface sites (Kinniburgh and Jackson, 1981).
Adsorption occurs because the atoms, ions and molecules present at the
mineral-water interface suffer from an imbalance of chemical forces, referred to as
the mineral surface energy. The surface energy of a solid phase can be lowered by
reducing surface area or by adsorbing molecules and ions from adjacent phases
(Schlinder, 1981). This has lead to the analogous description of adsorption at mineral
water interface to solution coordination chemistry.
Coordination chemistry models for adsorption have led to a general
framework for understanding and discussing binding of positive (cations) and
negative (anions) ions (Davis and Kent, 1990; Dever et al., 1988; Schlinder, 1981:
Sposito, 2004; Stumm and Morgan, 1981) and molecules such as ternary complexes
to mineral-solution interfaces (Bourg and Schindler, 1979; Davis and Kent, 1990;
Martino et al., 2003). The coordination of cations and anions forming aqueous
complexes in which a metal ion is surrounded by anions or ligands are often termed
outer-sphere complexes. Outer-sphere complex adsorption is an analogous,
essentially electrostatic interaction, caused by a weak attraction between a hydrated
metal and a charged mineral surface. The adsorbed ions remain surrounded by a
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hydration shell and do not bind directly to surface. Alternatively, an ion can bind
strongly to a mineral surface group; this is termed inner-sphere complexation.
Covalent bonding and the formation of shared d-orbital electron pairs characterize
inner-sphere complexes. The metal acts as a Lewis acid by accepting the electron pair
and the mineral surface site as a Lewis base (Drever, 1997; Koretsky, 2000). The
distinction between the two types of complexes is important because outer-sphere
complexes cause minimal changes in electron distribution leading to minimal changes
in reactivity compared to the aqueous species, while inner-sphere complexes lead to
significant alterations in electron density thereby changing reactivity significantly
(Stumm and Morgan, 1996).
Schlinder (1981) and Stumm (1987) suggest that adsorption reactions can be
classified into three types of chemical interactions:
Hydrolysis (Acid-Base): >SOH + fr- >SOH2 + (protonation)
+

>SOH - >SO- + H (deprotonation)
Metal Adsorption: >SOH + M2

+

-

>SO�+ /-I'

Ligand Exchange: >SOH + ROH - >SOR + H2 0

(2)
(3)
(4)
(5)

+

where >SOH represents a surface functional group, M2 a cation, and - shows that
the reactions are reversible. These types of chemical interactions, particularly for
natural sediments that are composites of many minerals, are often described by
various empirical means such as partition coefficients (Ko), Freundlich or Langmuir
isotherm equations and conditional binding constants (Davis and Kent, 1990;
Koretsky, 2000). There is a consensus among scientists that empirical models such as
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distribution coefficients, ion exchange models, Langmuir and Freudlich isotherms are
unsatisfactory because they are system-dependent. In other words, they heavily
depend on the chemical composition of a particular aqueous solution. Furthermore, it
has been shown that the partition coefficient (Ko) approach does a poor job of
predicting contaminant mobility, for example leading to overly optimistic estimates
for contaminant displacement from sediments flushed by fresh recharge (Bethke and
Brady, 2000; Davis and Kent, 1990). In contrast, surface complexation theory that
describes adsorption between surface functional groups and dissolved chemical
species using equilibrium stability constants that can account for changes in surface
electrical properties and solution composition is preferred because of the potential to
predict changes in speciation due to changes in system composition (Davis et al.,
1998; Davis and Kent, 1990; Koretsky, 2000).
Surface complexation models (SCMs) are equilibrium thermodynamic models
designed to interpret and predict the interactions of solutes such as heavy metals with
substrates such as oxide mineral surfaces using equilibrium stability constants. Once
these constants have been determined, SCMs can be a powerful tool to simulate
surface reactions (Davis and Kent, 1990; Fein, 2000; Koretsky, 2000). There are a
variety of SCMS; all of them are based on the same four assumptions (Davis and
Kent, 1990; Dzombak and Morel, 1990; Koretsky, 2000):
1. Surfaces are composed of specific functional groups that react with dissolved
solutes to form surfaces complexes in a manner analogous to complexation
+

reactions in homogeneous solution, i.e., >SOH + H\aq) - >SOH
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2. Equilibrium surface complexation and ionization reactions can be described
+
+
via mass law equations, i.e., Kint = {>SOH 2}/ {>SOH} {H aq)

3. Surface charge is a necessary consequence of chemical reactions at surface
functional groups
4. Apparent binding constants determined for the mass law equations are
empirical parameters related to thermodynamic constants via the rational
activity coefficient, i.e., K int = Kappexp((-zF\jJ(x)/RT), where Kapp is the
measured equilibrium constant, z is charge, Fis the Faraday constant, \Jf(X) the
electric potential as a function of the distance x from the surface, R the
universal gas constant, and T temperature.
Detailed descriptions of surface complexation models can be found in (Davis et al.,
1998; Davis and Kent, 1990; Dzombak and Morel, 1990; Sposito, 1984; Sposito,
2004; Stumm and Morgan, 1995).
Briefly, a variety of different SCM models have been proposed to quantify
adsorption and speciation reactions. The most commonly used are the diffuse layer
model, the constant capacitance model and the triple layer model (TLM) (Davis and
Kent, 1990; Hayes et al., 1991). Koretsky (2000) produced a table summarizing some
of the features of these three SCMs. The constant capacitance model (CCM)
represents an adsorbed plane of ions at the surface that gives rise to a charge at the
surface that is counterbalanced by a single plane of counterions at distance from
surface; the diffuse layer model (OLM) represents specific adsorption at a mineral
surface plane that is counterbalanced by a diffuse ion "swarm" rather than a simple
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plane of counterions; the triple layer model (TLM) describes adsorption as occurring
on two separate planes with a diffuse "swarm" providing charge balance.
To apply surface complexation theory, it is necessary to describe mineral
surface functional groups (Koretsky, 2000). Minerals such as hydrous oxides and
natural organic matter are significant sorbents in low temperature environments
because of their abundance, high surface area and pH-dependent surface charge.
Other minerals carry permanent charge, due to isomorphic substitutions, and thus
have ion exchange sites in addition to any amphoteric surface hydroxyl groups: Such
minerals include clays, micas, zeolites and most Mn-oxides (Davis and Kent, 1990;
Koretsky et al., 1998; Stumm, 1987). Mineral imperfections such as edge and kink
sites and other mineral defects may provide sites where sorbents will preferentially
bond (Davis and Kent, 1990; Drever and Stillings, 1997; Lasaga, 1990; Sposito,
2004). Spectroscopic studies such as FTIR (Fourier transform infra-red), X-ray
adsorption spectroscopy (XAS), Auger electron spectroscopy (AES), Scanning
electron microscopy (SEM) and many more are usually used to quantify and discern
adsorption unto various surface functional groups (Waychunas et al., 2002). For
example, Waychunas et al. (2002) published a paper on the use of X-Ray Adsorption
Near-Edge Spectroscopy (XANES) analysis to clarify the evolution of surface
complex molecular structure as a function of sorption density and aqueous
concentration for zinc adsorption onto ferrihydrite.
Metal adsorption experiments, together with surface complexation theory,
have been used to quantify the equilibrium stability constants associated with metal
adsorption on the surfaces of minerals including silica, oxides of iron, manganese,
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and aluminum, and more recently, adsorption on natural soils (Coston et al., 1995;
Dzombak and Morel, 1990; Fein, 2000; Goldberg and Sposito, 1984b; Koretsky,
2000). There is an abundant literature on the use of SCMs to predict the speciation
and transport of trace elements (Davis and Kent, 1990; Dzombak and Morel, 1990;
Goldberg and Sposito, 1984a; Sposito, 2004; Stumm and Morgan, 1970; Turner et al.,
1981; Wen et al., 1998). However, most SCM studies are completed using well
controlled laboratory experiments in which the ·adsorption of one or more metals on a
specific pure mineral phase is investigated.
Literature regarding trace metal adsorption on natural sediments is limited due
to the complexity of natural systems, and the application of equilibrium models to
guide soil remediation is challenging due to the heterogeneous nature of natural
sediments. Chemical conditions in the field, i.e. pH, ionic strength, redox potential,
and dissolved organic matter content often differ significantly from simulated
laboratory systems (Allen et al., 1980; Morel et al., 1981 ). Furthermore, it is difficult
to determine all of the parameters needed to apply SCMS to such systems. For
example, thermodynamic constants for any significant adsorption and aqueous
reactions, abundance and types of contributing surface functional groups,
concentrations of all aqueous species in the system of interest, and mineral reactive
surface areas are all required to apply SCMs to natural sediments (Coston et al., 1995;
Davis et al., 1998; Fein, 2000; Fuller et al., 1996; Koretsky et al., 1998; Stumm and
Morgan, 1995; Wen et al., 1998). Identifying the significant mineral phases, their
reactive surface areas, and quantifying their surface functional groups has proved to
be most challenging. There are, however, a few notable studies of trace metal
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adsorption using SCMs on natural sediments (Coston et al., 1995; Cowan et al., 1992;
Davis et al., 1998; Fuller et al., 1996; Hoffmann and Stipp, 2001).
The limited attempts to apply SCMs to natural sediments have been made
with some success. Davis et al. (1998) suggested two different SCMs approaches to
quantify adsorption on natural sediments: the Component Additivity (CA) and the
Generalized Composite approach (GCA). In the CA approach the modeler attempts to
predict adsorption data on complex mineral from pure reference minerals and organic
phases. The advantage of this method is that no data fitting is required. However, the
disadvantage is that one can only use this approach for sediments that are well
characterized and composed of single minerals for which there exist adsorption
stability constants. Furthermore, mineral-mineral interactions must also be quantified
if they are significant. In the GCA it is assumed that the surface composition of the
mixed assemblage is too complicated to separate and quantify the individual phases,
thus adsorption at the surface is quantified using generic surface functional groups
and by fitting experimental adsorption data. This approach can be simplified by
fitting pH dependence of adsorption without explicit representation of electrostatic
charge. This approach allows prediction of changes in adsorption for a specific
system of interest under conditions of changing solution composition. However, this
approach requires completion of time-consuming adsorption experiments, and the
results cannot be extrapolated from one field setting to another.
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1.1.3

Previous Studies On Nickel
This study will focus primarily on the trace metal, nickel (Ni). Nickel is a

lustrous, white, hard, ferromagnetic metal, which is easily shaped into a variety of
product forms (USGS, 2005). Ni metal exhibits a mixture of ferrous and non-ferrous
metal properties. Nickel is used in industry to make austenitic stainless steel, nickel
alloys used to make turbine blades, land-use based combustion turbines, rechargeable
batteries, coinage and for plating. It is most frequently used as a constituent of various
alloys, of which stainless steels are the most common (Nestle et al., 2002; USGS,
2005). The principle commercial nickel products are the carbonate (NiCO3 ), the
chloride (NiCh), the divalent oxide (NiO) and the sulfate (NiSO4 ). In the mining
industry the principal ore-minerals are: laterites where the principal ore minerals are
nickeliferous limonite [(Fe,Ni)O(OH)] and garnierite (a hydrous nickel silicate) and
magmatic sulfide deposits where the principal ore mineral is pentlandite [(Ni,Fe)9S8 ]
(USGS, 2005). Anthropogenic Ni input in the environment is mainly due to
phosphate fertilizers and bio-solid sources. Much of the nickel in the environment is
found with soil and sediments, rather than dissolved in aqueous solution, because
nickel attaches to particles that contain iron or manganese, which are often present in
soil and sediments. The most common nickel ionic species in soil solution is
+

Ni(H2 0)/ (Mellis et al., 2004).
Nickel in the dissolved divalent form is a toxic metal, which can have
detrimental effects when humans are over exposed to it (GreenPedersen et al., 1997;
Larsen and Postma, 1997). Most exposures occur by eating food containing nickel;
exposure can also occur via skin contact with soil, bath or shower water, or metals
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containing nickel, as well as by handling coins or touching jewelry containing nickel
and also by drinking water that contains small amounts of nickel. The highest
exposures typically occur for persons working in industries that process or use nickel.
The most common adverse health effects associated with nickel include skin allergy
and the more serious effect being development of lung or nasal cancer (Enterline and
Marsh, 1982; Roberts et al., 1989a; Roberts et al., 1989b; Shannon et al., 1991). The
EPA recommends that drinking water should contain no more than 0.7 milligrams of
nickel per liter of water and the Occupational Safety and Health Administration
(OSHA) has set a limit of 1 mg of nickel per cubic meter of air (1 mg/m3 ) for metallic
nickel and nickel compounds in workplace air during an 8-hour workday, 40-hour
workweek (ATSDR, 2003).
Ni speciation in the environment has been studied using sequential extraction
methods (see above). Studies have shown that nickel adsorbs predominantly on Fe,
Mn and Al oxides and oxyhydroxides (Davis and Kent, 1990; Sposito, 1984; Tessier
et al., 1979). (Tessier et al., 1979) applied the sequential extraction procedure to
bottom sediments of a lake and found that a huge fraction of Ni was associated with
Fe and Mn hydroxides. Wisotzky and Cremer, (2003a; 2003b) investigated
overburden mining sediments from a lignite mine using a 4-step extraction: i) water
soluble; ii) exchangeables iii) bound to carbonates and iv) bound to hydroxides (e.g.
Fe/Mn). They showed that in sediments with low iron concentrations (< 100 mg/I) the
dominant nickel fraction is the water-soluble portion. In contrast, in sediments where
Fe/Mn oxide concentrations exceed 500mg/L, nickel is primarily represented by the
Fe/Mn fraction. Achterberg and VandenBerg ( 1997) used a two-step acid extraction
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on colloidal sediments of a lake and found high levels of organic complexation with
nickel and that nickel also formed nickel-carbonate species, although in a lesser
magnitude than the organic complexes. Tokalioglu et al., (2000) also studied lake
sediments using the BCR extraction method and concluded that 50% of the nickel in
the lake sediments was in the form of metal sulfides and bound to organic matter.
Amir et al. (2005) and Wang et al. (2005) looked at nickel partitioning in sewage
sludge using the BCR extraction method and found that the organic fraction
accounted for a large proportion of Ni in the sewage sludge. Wang et al. (2005) noted
that there was a considerable amount of Ni found in the reducible fraction of sewage
sludge as well. Lu et al. (2005) studied sediments at 12 different marine environments
around San Francisco and compared the partitioning of Ni using an acid extraction
scheme. When the 12 marine environments were compared, partitioning differed from
site to site and the analysis showed that sediment geochemistry appeared to influence
metal bioavailability and thus should have important impacts on the toxicity of
contaminant metals like Ni. Thus one can conclude that in general, Ni speciation in
freshwater and marine environments depends strongly on the local geochemical
conditions, e.g., the amount of sulfate, iron and organic matter present in the
sediments.
Ni adsorption on a variety of pure minerals, including iron and aluminum
oxides, silica, montmorillonite, illite and other clays, and also on soils and bacteria,
has been studied (Agashe and Regalbuto, 1997; Baeyens and Bradbury, 1997; Barrow
et al., 1989; Bradbury and Baeyens, 1997; Ditoro et al., 1986; Elzinga and Sparks,
1999; Fein et al., 2001b; GreenPedersen et al., 1997; Kosmulski, 1997; Krapiel et al.,
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1999; Leckie et al., 1984; Mattigod et al., 1979; Mellis et al., 2004; Sparks et al.,
1995; Stollenwerk, 1994; Zenobi et al., 2005). In general, these studies demonstrate
that Ni adsorption, like adsorption of other cations, increases with increasing pH,
typically displaying a sharp "pH edge".
Green-Pedersen et al. (1997) showed that the adsorption capacity of nickel on
different solids is generally in the sequence: MnO2 > Fe(OH)3 > humic acid ~
montmorillonite >CaO3 . One of the most notable research investigations of nickel
adsorption is the work by Leckie et al. (1984) who considered nickel adsorption on
Fe2O3 .H2 O. This study demonstrated that nickel adsorbs in the manner typical of
cations, i.e., with increasing nickel adsorbed with increasing pH. An increase of
adsorption from close to Oto 100% was observed between pH 5.5 and 8.5. When the
Ni concentration was varied from 5·10-6 to 5·10-7 M a relatively small shift in the
adsorption edge was observed. Dzombak and Morel ( 1990) noted that the amount of
Ni adsorbed on Fe(OH)3 is unaffected by ionic strength. Kinniburgh and Jackson
(1981) observed similar pH dependence for nickel adsorption on MnO2 , goethite,
AhO3 and Fe gel; in all cases adsorption increases from Oto 100% over a pH range of
5.5 to 8. They concluded that although it is difficult to generalize the pH at which
divalent cation adsorption becomes significant due to the fact that it is influenced by
the particular cation, the solid, the total concentration, and the concentrations of other
interacting species, one can say for nickel adsorption on iron and aluminum species
that the pH edge is typically between 5 and 6.5. However, GreenPedersen et al.
(1997) noted that although adsorption of Ni on Fe(OH)3 was dramatically influenced
by pH that this was not the case for Ni adsorption on MnO2 . They concluded that the
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reason why there is a difference in behavior for the two solids is that amorphous
MnO2 has a pHzpc of 2.8 and Fe(OH)3 has a pHzpc between 7.9-8.5 which means that
adsorption onto Fe(OH)3 will not be electrostatically favored due to the positive
charge of both the cation and the surface over majority of the pH range, while
adsorption on MnO2 is favored as long as nickel is the dominant species in the aquifer
(Laitinen and Zhou, 1988; Mckenzie, 1980).
Clay minerals like kaolinite, illite, chlorite and montmorillonite generally

.

form one of the most important and abundant mineral components in crystalline and
sedimentary rocks. Clay minerals behave differentJy from metal hydroxides during
adsorption of cations. Adsorption of Ni on kaolinite (Mattigod et al., 1979; Sparks et
al., 1995), montmorillonite (Baeyens and Bradbury, 1997; Bradbury and Baeyens,
1997; Bradbury and Baeyens, 1999; GreenPedersen et al., 1997) and illite (Echeverria
et al., 2003; Elzinga and Sparks, 2001) have all been well studied. All of these studies
demonstrate that nickel adsorption on clays depends mainly on the ionic strength.
Baeyens and Bradbury (1997) show that nickel adsorption on montmorillonite is
strongly dependent on ionic strength at low pH but at high pH there is no dependency.
Elzinga and Sparks (2001) note that there is an increase of nickel adsorption on illite
at pH above 6.5. Echeverria et al. (2003) demonstrate that between pH of 3 and 8 the
amount of nickel sorbed on illite is mainly dependent on ionic strength, Ni
concentration and pH. In general, one would expect adsorption on clay minerals to
decrease with increasing ionic strength because complexation is primarily outer
sphere (i.e., electrostatic, rather than chemical binding), so that charge screening of
the surface by the electrolyte will inhibit Ni adsorption (Sparks et al., 1995). Outer-
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sphere complexation is common on clay minerals, which typically have permanent
negative charge arising from isomorphous substitution of cations of lower valence for
higher valence in the crystal lattice cations, e.g. substitution of divalent cations like
+

+

Ni2 for Al3 in octahedral layers (Baeyens and Bradbury, 1997; Barrow et al., 1989;
Bradbury and Baeyens, 1997; GreenPedersen et al., 1997).
The pH dependency of nickel adsorption on humic acids and calcite is
markedly different from that on other solid phases (Scholkovits and Copland, 1981;
Tipping and Hurley, 1992). Humic acid acts as a dissolved ligand below pH 3, but at
pH 6. 7 or higher it acts like a solid phase with no affinity for nickel. Hoffmann and
Stipp (2001) show that nickel is readily adsorbed, albeit very slowly and in quite low
amounts, by calcite in very undersaturated solutions where dissolution is observed to
be taking place.
Ni adsorption studies have also been done on silica (Kosmulski, 1997;
Kosmulski et al., 1999). The research shows that Ni adsorption on silica increases
with pH, as expected. However, at low pH there is considerable adsorption of nickel
on silica. Kosmulski (1997) also found that for high initial nickel concentrations
uptake of Ni clearly decreases with increased ionic strength. This could be due to
+

competition between Ni and the electrolyte cation (Na ) for surface sites, particularly
if Ni adsorption on silica is primarily electrostatic.
Mellis et al. (2004) found that Ni adsorption on a Brazilian soil occurs at
higher pH when organic matter and iron oxides are absent in the soil and at lower pH
when there is organic matter present in the soil. When soil sample that contained no
organic matter was compared with soil sample rich in organic matter it that in the
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absence of organic matter adsorption was less until pH 6 to 6.5 at which point the
effect of organic matter on nickel adsorption becomes negligible. Papini et al. (2004)
investigated nickel adsorption in an Italian Red Soil. They observed that in
comparison to other divalent cations (Pb, Cu, Cd) nickel was slow to adsorb, and
furthermore, adsorption was always significantly below the soil cation exchange
capacity. This could be because their experiments were completed at a high ionic
+

strength, 0. l M NaNO3 , thus Na ions might be abundant enough to significantly
inhibit nickel adsorption.
Bacterial adsorption can also represent a major sink for heavy metals in the
subsurface Ledin et al. (1999). Bacteria can either solubilize or immobilize metals,
thereby either increasing their bioavailability and potential toxicity, or reducing their
bioavailability (Fein et al., 1997; Fein et al., 2001a; Jong and Parry, 2004;
Stollenwerk, 1994). Fein et al. (2001a) studied nickel adsorption on the bacteria
Bacillus subtilis and found that there was almost no adsorption at low pH (<3 .5) but

adsorption does show the typical increase as pH increases. Jong and Parry (2004)
investigated the adsorption of Ni(II) and Fe(II) onto the surfaces of bacterially
produced metal sulfide (BPMS) material. They observed the same behavior as Fein et
al. (2001a) where adsorption of Ni(II) increases rapidly within a narrow range of 1-2
pH units, reaching a plateau at pH 5.5 as pH continues to increase to at least pH ~7.5,
the highest pH used in the study.
Researchers over the years have tried to obtain Ni adsorption parameters
under typical system conditions and to relate this information to observations from
natural systems (Dzombak and Morel, 1990; Fein et al., 1997; GreenPedersen et al.,
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1997; Kinza et al., 1985; Kosmulski, 1997; Machiels and Anderson, 1979; Yee and
Fein, 2001 ). Investigators have had difficulties quantifying Ni adsorption behavior
using Langmuir isotherms, and there is a consensus that SCMs better describe Ni
adsorption behavior (Kosmulski, 1997; Leckie et al., 1984). To obtain intrinsic
equilibrium constants for use in SCMs, adsorption should ideally be measured over a
wide range of conditions (i.e., pH, ionic strength). Dzombak and Morel (1990) have
published an extensive database of DLM SCM equilibrium constants for many metals
on hydrous ferric oxide (HFO). Dzombak and Morel (1990) derive such constants for
Ni using data from Leckie et al. (1984).

They found equilibrium constants for

adsorption of nickel on a strong and weak reaction site as shown in Table 1.1.

Table 1.1 Hydrous ferric oxide protonation, deprotonation and Ni adsorption
stability constants
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Surface area= 60()2 g-l

Although Ni adsorption data has been measured for a variety of pure solids,
few investigators have attempted to extract thermodynamic surface complexation
constants from these experiments. In Table 1.2 existing Ni complexation stability
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constants found for different solids are shown, together with the source of the data.
Stability constants were derived from variable experimental conditions and using
various model approaches for example, OLM (Kosmulski, 1997) and the Revised
Physical theory for Adsorption (RPA) model (Agashe and Regalbuto, 1997).
Table 1.2 Ni complexation reactions and associated stability constants
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It is important to note that when a trace element like Ni is introduced to a
mixed mineral assemblage there will be competition among the mineral phases to
adsorb it. Also, as was specifically noted in Hoffmann and Stipp (2001), adsorption
might not be the only reaction mechanism present at the mineral-water interface.
Surface precipitation and ion exchange are some of the mechanisms that can occur in
addition to adsorption (Allen et al., 1993; Drever, 1982; Millero, 2001; Sposito,
2004). It is not possible, or at least not straightforward, to distinguish ion exchange,
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adsorption and precipitation mechanisms m bulk, macroscopic adsorption
experiments. Recent developments in synchrotron-based spectroscopy (e.g., EXAFS
and XANES) can shed light on the mechanisms of sorption, as well as on the exact
nature of adsorbed species (e.g. monodentate vs. bidendate).
Techniques such as XAFS, X-ray photoelectron spectroscopy (XPS) and
Atomic Force Microscopy (AFM) have been used to study nickel adsorption on
montmorillonite and calcite, respectively (Elzinga and Sparks, 1999; Hoffmann and
Stipp, 2001). Recent studies (Dahn et al., 2003a; Dahn et al., 2004; Dahn et al.,
2003b) have investigated the uptake of Ni on montmorillonite using P-EXAFS
measurements with highly oriented self-supporting Ni-treated montmorillonite. The
data showed that in the first shell nickel is present in an octahedral environment
(surrounded by 6 atoms) and the Ni-O bond distance is 2.05.A.. In the second shell, the
P-EXAFS analyses suggest a single Ni-Al distance of 2.96-3.03A, which is indicative
of edge sharing of Ni and Al octahedra. From these studies, Dahn et al. (2004)
conclude that Ni is structurally linked to the montmorillonite lattice by forming a Ni
phyllosilicate that has its layers parallel to the montmorillonite layers. Dahn et al.
(2003a) relate that formation of a Ni phyllosilicate on metal uptake on
montmorillonite has important geochemical implications because this dioctahedral
smectite is abundant in the environment and adsorption of metal ions on the soluble
phyllosilicate structure may decrease their migration and bioavailability in the
environment.
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1.2

Research Objectives
The primary goal of this research is to investigate methods for assessing and

predicting metal mobility and speciation in low temperature, near surface sedimentary
systems. The aim is to increase the available information by completing laboratory
experiments and testing mathematical models of metal behavior in order to better
predict metal mobility and bioavailability in contaminated systems and to produce
improved remediation schemes for these systems. The literature on trace metal
adsorption on natural sediments are limited due to the complexity of natural systems
and the impossibility of characterizing all the functional groups present (Coston et al.,
1995; Davis et al., 1998; Fuller et al., 1996; Hoffmann and Stipp, 2001).
As described earlier, modeling adsorption is complex; factors such as lack of
reliable physical chemical models to account for metal binding on natural organic
matter; the high affinity of metal complexes for reaction sites in comparison with free
metal ion and competition between metal ions and other species for adsorption sites
are poorly understood (Coston et al., 1993; Davis et al., 1998; Riemsdjik and
Hiemstra, 1993). One of the biggest problems with many existing studies may be the
assumption of a single, simple reactive surface group, which may not adequately
represent surfaces of natural sediments. In recent years, researchers have made
progress developing models that are more able to represent the complexity of natural
sediments, such as the MUSIC (MUiti Site Complexation) model (Coston et al.,
1993; Davis and Kent, 1990; Riemsdjik and Hiemstra, 1993) that is capable of
modeling multiple surface groups. Coston et al. (1995), Davis et al. (1993) and Fuller
et al. (1996) have investigated the application of SCMs to natural sediments from
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Cape Cod, MA. Davis et al. (1993) noted that the GC model model successfully
simulates adsorption as a function of pH and aqueous complexation of the metal, but
to do so produces the equivalent of a Ko value for these sediments that varies by 3
orders of magnitude. Incorporation of this adsorption description into reactive
transport models is therefore more reliable than a simple Ko, because heavy metal
concentrations are typically quite spatially and temporally variable.

1.2.1

Specific Objectives

The specific objectives of this research were:
1.

to determine with sequential extractions the partitioning of Ni between
operationally-defined exchangeable, carbonate, oxide, sulfide/organic and
residual fractions in Ni-contaminated aquifer sediments (from Grand
Rapids, MI)

2.

to quantify the pH- and ionic-strength dependent adsorption of Ni on
whole sediments from the aquifer

3.

to quantify the pH- dependent adsorption of Ni on sediments after
removing each of the five fractions in sequence and

4.

to use this data to assess whether adsorption data on specific sediment
fractions can be useful in order to quantify and predict Ni speciation in
contaminated environments.
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CHAPTER II
SITE CHARACTERIZATION
2.1

Background
Lacks Development is a plastic plate manufacturing plant that is located in

northwest Grand Rapids, Kent County, Michigan (see Figure 2. I). The manufacturing
plant prepares and plates plastic automotive and other parts. Currently at the site there
are copper, chromium and nickel-plating lines in operation.
Investigations of subsurface soil and groundwater were conducted in
December 2000 by the consultants, Fishbeck, Thompson, Carr and Huber (FTC&H)
and in December 2003 to November 2004 by NTH Consultants, Ltd (FTC&H
Consultants, 2000; NTH Consultants, 2004). In their investigation, FTC&H
Consultants (2000) detected elevated concentrations of chromium, copper and nickel
in soil and groundwater adjacent to the wall of the plant. The consultant installed
several soil borings, both permanent and temporary, and completed analytical tests of
the groundwater samples, demonstrating that groundwater under the west/northwest
portion of the plating plate also contained elevated concentrations of copper, nickel,
and chromium. The consultants concluded that the substances, together with the
groundwater, are migrating off-site in a west/northwest direction towards the Grand
River. The consultant further related that the substance migration is limited to a
shallow groundwater flow system and that the system is not utilized as a potable
water supply. The exact source area for the pollution on the site was not identified
due to incomplete records of the historical plant layout; this has prompted further
investigation of the site.
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Location of Grand Rapids, MI
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Figure 2.1 A) Map indicating the location of Grand Rapids, MI. B) Outline Map of
the Lacks Plastic Plate.
Sources: NTH Consultants. (2004). Supplemental Remedial Investigation Report.
Prepared for Lacks Plastic Plate, Grand Rapids ML NTH Project No. 16030604-05. Used with permission of John Collins from Lacks Enterprise.
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2.2

Geohydrology
Soil borings were performed at several locations on and around the site to

gather information about the local geology. Soil borings were performed with a Gus
Pech Mighty-Mite drilling rig combined with 8¼ - inch inside diameter hollowstem
augers. Split spoon sampling was used continuously within the augers as the boring
advanced to log the subsurface stratigraphy. Groundwater samples were collected
using a vertical aquifer sampling technique, sampling at 5ft intervals. Most soil
borings were drilled to a depth of 30ft.
The general hydrogeological conditions as inferred by the NTH Consultants
(2004) are that the natural groundwater flow direction is consistently to the west
northwest from across thy plant to the Baker furniture site and that the groundwater
flow direction turns more westerly and flows directly to the Grand river after it
crosses the Baker furniture site.
There is a layer of silty clay ranging from 12 ft thick to only a few inches
thick prevalent to the south and west of the plastic plate plant. The clay layer is
believed to influence the northwesterly groundwater flow from the southwest corner
of the plant. Regional groundwater flow in this area is influenced by the river and is
therefore expected to be generally in a southwesterly direction.
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Barker Furnitun, Building

Figure 2. 2 Schematic diagram of the Lacks Plastic Plate site
Sources: NTH Consultants. (2004). Supplemental Remedial Investigation Report.
Prepared for Lacks Plastic Plate, Grand Rapids MI. NTH Project No. 16030604-05. Used with permission of John Collins from the Lacks Enterprise.
This is evident when the groundwater flows across the Baker site (Fig 2.2), where it
appears to dip below the clay layer and turn westward toward the river. Discontinuous
and interbedded lenses of silty clay or silty sand were noted at various depths in areas
where a consistent clay layer is not present, whereas the predominant subsurface
strata are typically more granular sands and gravels.
Samples used in this study were taken from the site labeled PW 1 (Fig 2.3).
Typical of glacial aquifers, the geology consists mostly of gravel, sand and clay-silt.
This leads to anisotropic hydraulic conditions where the vertical hydraulic
conductivity is expected to be significantly less that the horizontal hydraulic
conductivity (Fetter, 2001 ). This influences the groundwater flow and the fate and
transport of dissolved substances. Groundwater levels at the site are at about 8 ft
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below ground surface and monitoring well data from nested pairs did not indicate a
discernible vertical gradient to the groundwater.
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Figure 2.3. Hydrogeological cross-section of site (courtesy of I.Collins, Lacks Ent.)
Sources: NTH Consultants. (2004). Supplemental Remedial Investigation Report.
Prepared for Lacks Plastic Plate, Grand Rapids MI. NTH Project No. 16030604-05. Used with permission of John Collins from the Lacks Enterprise.
2.3

Environmental Conditions
The consultants measured field parameters such as pH, temperature and

specific conductance by purging the well with a peristaltic pump and then measuring
the parameters with a QED Micro Purge Flow Cell (model MP 20). Groundwater
samples were collected with a peristaltic pump using standard low-flow protocols
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(Barcelona et al., 2005; NTH Consultants, 2004). Table 2.1 shows analyses provided
by John Collins for borehole PWl.
Table 2.1. Field Parameters for the PW-1 test site (values courtesy of
J.Collins, Lacks Enterprise)

Sampling Event
Sulfate
Chromium, Total
Copper, Total
Nickel, Total
Field Temperature
Field pH
Field Specific Conductance
Field Dissolved Oxygen
Field Eh

unit s
�tg/L
pg/L
�tg/L
p.g/L
deg C
pH units
pS/cm
mg/L
mV

6/4/2004 9/22/2004
72000
31
69
60
110
9400
3100
13.22
5.97
1139
5.84
215

The general environmental conditions as inferred by the NTH Consultants
(2004) suggest that the lateral extent of the impacted groundwater plume exceeds the
Michigan Department of Environmental Quality (MDEQ) most restrictive criteria,
currently Part 201 Cleanup Criteria for Drinking Water (DW) (MDEQ, 2004). The
analyses from the monitoring wells also showed that the dissolved metal
concentrations do not appear to have reached the Grand River. Regulated substances
in the groundwater migrating away from the plant appear to be limited to relatively
shallow depths because chromium, copper and nickel concentrations do not exceed
the most restrictive cleanup criteria below a depth of 20 to 25 ft below ground
surface. This could be due to the anisotropic nature of the site lithlogy, which could
be keeping the regulated substances from being dispersed and migrating to greater
depths. NTH Consultants did note a decrease in chromium concentrations with depth,
which was confirmed by John Collins of Lacks Enterprise (personal communication).
Additionally, the Plastic Plate has an ongoing plan to improve waste containment and
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collection systems in the areas of the plating lines; this probably also contributes to
the observed· decrease in the chromium plume. Analyses of the three pollutants at
PWl, are shown in Fig. 2.4 show that nickel has the highest concentrations.
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Figure 2.4. Dissolved Ni in purge well, PW 1 (diagram courtesy of J.Collins, Lacks
Ent.).
John Collins has also stated that the nickel appears to be the most persistent of
the three pollutants in the aquifer water, providing an incentive to quantify the
mechanisms that control nickel concentrations in the aquifer.
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CHAPTER III
METHODS AND MATERIALS
3.1

Materials
Experiments were performed on pure and mixed mineral assemblages as well

as on natural sediments collected from two Ni-contaminated sites(see Chapter II Site
Characterization). Single minerals used in this study include synthetic silica and
natural kaolinite. All reagents used were reagent grade or purer and DOI water used
was purified using a Barnstead E-pure(Model D4641) water system to > 17mQ·cm.
3.1.1

Kaolinite
Powdered

kaolinite

was

purchased

from

Ward's

Natural

Science

Establishment. The purchased kaolinite originated from Edgar County, Florida.
Kaolinite powder was dried at 90° C for 4 days. The powdered kaolinite was removed
and stored in a refrigerator until usage.
3.1.2

Silica
Synthetic silica, Min-U-Sil 30, was obtained from Pennsylvania Glass Co.

The silica was prepared by procedures described in Coston et al.(1995). Specifically,
the Min - U - Sil 30 was baked at 500°C and treated with 4 M HN03 acid twice. The
silica was then washed eight times with DDI water. The pH of the material was
increased to 8 in order to settle and dissolve any small particles(< 8µm). Finally, the
material was rinsed with acid at pH 1.5, washed several times with DDI water and
then dried at 90° C. This purified, dried silica was stored in a refrigerator prior to use.
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Coston et al. (1995) relates that the above procedure should oxidize and remove
organic material and should also dissolve any contaminant oxides or small particles of
amorphous silica.
3.1.3 Natural Sediments
Natural sediments used in this research originated from an aquifer with Ni
contamination near a plastic plant near Grand Rapids, MI (see Chapter II Site
Characterization). The Grand Rapids sediments consist mainly of glacial outwash
gravel and sand with very little clay. Sediments were taken from a core of a
temporary drilled well, PW-1, that was bored via 41/4 inch inside diameter hollow
stem auger driven by a Gus Pech 1100 truck-mounted drill rig (NTH Consultants,
2004). The borings were drilled in the fall of 2003 and to a maximum depth of 30ft
(NTH Consultants, 2004). Two soil samples where received for the soil boring of
PW 1. The first soil sample was received on 11 May 2004 and will henceforth be
denoted as May soil sample and the second sample was received on 11 June 2004 and
will henceforth be denoted as the June sample. The sediments were freeze-dried using
a LabConco Freezone 4.5 Freeze dryer and stored in an oven at 80° C to retain
constant weight (Zufiaurre et al., 1998).
3.2

Methods

3.2.1

Sieving Analysis
The dried sediment sample was gently disaggregated in a mortar with a

rubber-tippled pestle. The samples were placed in a series of sieves consisting of# 10,
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#18, #35, #60, #120, #230 sieving pans. A pan was attached at the bottom of the
stacked sieves to catch all sediments fine enough to pass through the #230 sieve. The
stacked sieves were placed in a Roto-tap machine that agitated the samples for 5- 10
minutes. The amount of sediment in the different sieves was weighed and the weight
was recorded.

3.2.2

Specific Surface Area
Specific surface areas for silica, kaolinite and natural sediments were

determined at atmospheric pressure using the flow-through method on a
· Quantachrome Nova Surface and Pore Analyzer (Model 2200e). Approximately 2
grams of powdered material (with exact amount depending on the surface area of the
substance; more material is required for materials with smaller surface areas) was
placed in the degassing chamber overnight and then analyzed using an 11-point N2
isotherm for adsorption of N 2 gas with software provided with the Nova instrument.
Lowell et al. (1984) has noted that the N2 adsorption BET method is accurate for
determining the specific surface area of granular samples where surface areas are
greater than 0.1 m2/g.
Kaolinite was degassed at a temperature of 200°C and gave an average surface
area of 25.71 m2 /g. Silica was degassed at a temperature of 250°C and the BET
specific surface area measured using N2 adsorption was 9.4 m2 /g. The natural
sediments were first degassed at a temperature of 300°C, which proved to be too high
because material moved across the threshold of the sample cell. The temperature was
then lowered to 200°C. The BET surface area analyses were performed on both the

38

whole sediments and then on only the fine sieved fractions. The whole sediment has a
surface area of 12 m2 /g while the fine sediments yield a surface area of 20m2 /g.

3.2.3

Sequential Extractions
Aquifer sediment samples from the two sites were analyzed usmg the

sequential extraction scheme described by Tessier et al., (1979; 1982; Table 3.1).

Stage
1
2
3
4

5

Table 3.1. Reagents and methods for each operationally defined sequential
extraction step (organics, carbonates, Fe/Mn oxides and exchangeable)
from Tessier et al. ( 1979)
Experimental
Reagent
Fraction
conditions
8 ml of 1 moll L MgC1 2 (pH 7) 1 hr at 25 ° C
Exchangeables
Associated with carbonates
8 ml of 1 mol/L NaOAc (pH 5) 5 hr at 25 ° C
6 hr at 96° C
20 ml ofNH2 OH.HCL, 0.04
Associated with Fe
mol/L in 25% m/v HOAc
oxides
3ml of0.02 mol/L HNO3/ 5ml 2 h at 96°C
Associated with Organic
of30% m/v H2 0 2
Matter i
30 min at 25° C
+ 5ml of3.2 mol/L NH4OAC
2 Microwave digestion with 50%
Residual
m/vofHNO 3

Sediment portions of ~0.2 grams each were placed in 50ml polypropylene
vials, and extracted using the following procedure, with the reagents and times shown
in Table 3.1. In each case, a no-sediment control was run with the reagent to
determine background Ni levels. After reaction with each reagent according to the
time shown in Table 3.1, the slurries of sediment and reagent were centrifuged at
5300 rpm for 30min in an Eppendorf Centrifuge 5810. An aliquot of the supernatant
in each tube was then filtered through a Millex 0.2µm pore size syringe filter unit and
1

Coston et al ( 1995) noted that the extraction procedure for organics also extracts some sulfides.

2

Tessier (1979) suggested that this step be performed using HF but HF is an explosive chemical and
dangerous to work with; EPA now recommends use of microwave digestion
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2 drops of HN03 was added to prevent adsorption of metals onto container walls or
precipitation of solids or colloids. All samples were run in triplicate. Between each
extraction step, the sediment residue was rinsed twice with 8mL of DDI water and
then the sediment was dried in the oven at 90 °C for 1 hrs prior to addition of the next
reagent.
Sequential extractions were performed on both the whole sediment and on the
different sieved fractions. The stored samples were typically prepared for Ni analysis
by diluting 1ml of supernatant with 10ml of DDI water. The samples were then
acidified with 5 drops of HN03 and spiked with 100 µL of 100ppm Claritas
multielement internal standard (Y, Sc, Bi, Ho, I, Li6 95% enriched, Sc, Tb, Y).
Samples were then analyzed for Ni using inductively coupled plasma mass
spectrometry (ICP-MS).
The iron content of each sequentially extracted fraction was measured using
the ferrozine method (Stookey, 1970; Viollier et al., 2000). Three reagents were
prepared for this method as follows. Reagent A was prepared by weighing out 0.250 g
ferrozine (monosodium salt hydrate of 3 -(2-pyridyl)-5,6-bis (4 - phenylsulfonic
acid)- 1,2,4 triazine) p-p' - disulfonic acid and adding 0.401 g ammonia acetate. The
material was diluted to 50ml with Milli-Q for total concentrations of 10·2 mol/L
ferrozine and 10·3 mol/L ammonium acetate and the solution was stored in a
refrigerator between uses.

Reagent B was prepared by adding 1.4 mol/L of

hydroxylamine hydrochloride (H2NOH.HCL, 99.9999%, Aldrich #37, 992-1) to 2
mol/L of hydrochloric acid. Reagent C was prepared by making 10-mol/L ammonium
acetate and adjusting the pH to 9.5 with a solution ammonium hydroxide (28 - 30%,
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NH4OH, JT Baker #9721-02). Standards were prepared by dilution from a 1000 ppm
Fe VWR atomic absorption stock solution. A Unicam HeAios Gamma UV/Vis
Spectrophotometer was used to measure adsorption at 562 nm. Approximately 100µL
of Reagent A was added to each vial and the absorbance was measured at 562 nm and
recorded as A1. This gives a measure of the total Fe(II) in solution. Next, 1ml of
each solution was pipetted into a fresh set of vials and l 50µL of Reagent B was
added in each. Lastly 50µL of Reagent C was added after a IO-minute wait and
absorbance was measured and recorded as A2. This gives a measure of the total Fe
(Fe(II) + Fe(III)) in each solution.

3.2.4

Adsorption Experiments
Adsorption experiments were completed using methods analogous to those

described in Dzombak and Morel (1990) and Leckie et al. (1984). A stock of nickel
solution was prepared by diluting 1 ml of 1000 ppm Ni stock solution to 100mL using
DDI water for a total concentration of 590ppb. The nickel stock solution was
acidified to prevent precipitation of nickel and the solution was refrigerated. A stock
solution of 0.0l m NaNO 3 was prepared by diluting 8.499g of NaNO3 salt in IL of
DDI water.
A given amount of nickel (e.g. 1 · 1o· 5 mol) and solid material (e.g. 2g) was
placed in a 1L volumetric flask, which was then filled to the mark with electrolyte
(e.g. 0.0lM NaNO 3). Exact concentrations differed for various experiments (see
Results Chapter IV). The solution was mixed well with a magnetic stir bar and poured
into a Teflon container with a wide mouth. A magnetic stir bar was inserted into the
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Teflon container and the container placed on a stir plate. An initial pH measurement
was measured for the suspension and a 5mL aliquot was taken and placed in a clean
l 5mL vial. Small amounts of nitric acid were continuously added to the suspension
until the pH reached an initial value of ~2. The pH was slowly titrated to ~ 12 by
addition of small volumes of 0.1 and 0.001 M NaOH. The pH was monitored
continuously. After addition of base a 5mL aliquot was taken once the pH had
stabilized, typically within 25-30 minutes. Once removed, each aliquot was pipetted
into a clean l 5mL vial. All aliquots in the 15mL vials were placed on a Fisher
Scientific Bioplus shaker and agitated via a gentle back and forth rocking motion for
24hrs after the last aliquot was taken. After 24 hours, the aliquots were removed from
the shaker and the pH of each solution was remeasured and noted. The 15mL vials
were then centrifuged using a Fisher Scientific Centrific Centrifuge. After
centrifugation, each solution was filtered through a 0.2µm Millex pore size syringe
filter unit into an acid-cleaned vial. Each sample was then acidified with 5 drops of
concentrated trace metal grade HN0 3, spiked with I 00 µL of multi-element internal
standard and diluted as necessary with DDI water for analysis via ICP-MS. Samples
were acidified because it has been noted that a considerable loss in concentration can
result from cation adsorption onto container walls (Kinniburgh and Jackson, 1981;
Sposito, 2004).
Adsorption experiments on silica and kaolinite were performed exactly as
described above except that instead of using 2g of natural sediments 2g of silica or
kaolinite was used. The electrolyte, NaN0 3 , concentration was varied from 0.0 I to
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0.1 and 0.001. Ni concentration was varied from I ·10-4 M to I ·10- 5 M (see Chapter IV
Results for details).
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CHAPTER IV
RESULTS AND DISCUSSION
4.1

Sieving Analysis
Sieving analysis was performed on the two aquifer sediment samples ("May"

and "June" from the contaminated aquifer to determine the different grain size
fractions present on the sediment samples.
Sediment particles were separated with a set of sieves and classified usmg
Udden-Wentworth scale. Sediments from different sieves were combined and
classified as coarse, medium and fine sand, a denotation used henceforth. The weight
percentage distribution of sediments into the different fractions is shown in Fig 4.1
and Table 4.1 for the May sample and Fig 4.2 and Table 4.2 for the June sample.
Samples were dominated by sand with little or no clay visible. Experiments were
performed on the three grain-size groups denoted fine, medium and coarse. Medium
sand dominate the weight percentage for the May sample, grain size between 0.0049
to 0.0098 inches (refer to Fig 4.1), while the weight percentage for the June sediments
is dominated by pebbles, grain size > 0.079 inches (refer to Fig. 4.2). Fine sand,
consisting mainly of very fine sand, silty clay and material that passed through the
last sieve, is the least dominant (by weight) in both sediment samples. However
weight percentage is not indicative of the reactivity of aquifer material with dissolved
substances, because surface area, the most important parameter for reactivity is
inversely related to grain size for a given weight of material (Davis and Kent, 1990;
Sposito, 2004).
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Table 4.1: Sieving analysis for aquifer sediments collected May 2004 soil
using the Udden-Wentworth classification scale
, ii Sediment
i Sieve Size
Sieve
Measured
Measured
Number
(inch)
(grams)
(%)
I Classific.

Coarse

r·

--

.

10

0.0787

20. 21

gravel

18

0.0394

iii
Coarse ss

35

0.0197

Medium ss

60

0.0098

Fine
Sand

120

0.0049

20.34

Very Fine
Sand

230

0.0025

6.37

Silt and Clay

Pan

--·

__!

-17.72

4.47

3.92

9.35

8.20

-

49.95

-

Fine

i.

I

4179

.L

Medium
---

-

-

I 17.83

--- --r
I

3.22
5.34

6.09

i Coarse, Medium, Fine Sediments denoted classification used
ii Udden-Wentworth classification
iii ss - sandstone

l __l

Table 4.2: Sieving analysis for aquifer sediments collected in June 2004 using
the Udden-Wentworth classification scale
I
Sediment
Measured
Sieve
Sieve Size
I Measured
I (%)
Classific.
Number
(inch)
(grams)
j

18
-

_ft,

Coarse ss
>----

- -- '- - - --

10

grn.vel

Coarse
--

l

-

35
t-

II

-·-

--·""

I

0.0787

20 21

--

I

0.0394

44.

0.0197

64.17

16
20

11

-

-

------

Medium ss

60

0.0098

82.68

Fine
Sand

120

0.0049

6 5.66

Very Fine
Sand

230

Silt and Clay

Pan

--

Medium

Fine

I

- ·--!

-

29

;

16

I
---j

I

0.0025
l

.

45

-

19. 51

I

1 161

5

-

I

'

3

I

I

Weight 1>ercentage distribution, M.:11 sa111>le
FiI.:- �m:l
silt and clay
5%

pebbles
18%
gravel
4%

C'oarsesard
coarse ss
8%

Medimnsard

medium ss
44%

Figure 4.1. Weight percent distribution of grain size in sieved sediment samples
collected in May according to the Udden- Wentworth classification scale.

Weight distribution for June sedi11-.ents
Fine sard

very fine ss
5%

silt and clay
3%

Coarse s.-..n:l

Medimns:m:l

coarse ss
16%

Figure 4.2. Weight percentage distribution of grain size in sieved sediment samples
collected in June, according to the Udden- Wentworth classification scale.
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4.2

Sequential Extraction Results
Sequential extractions were performed on the May and June sediments to

quantify the variation of nickel distribution between the five defined fractions
(exchangeable, carbonates, oxides, sulfide and organics, residual) of Tessier et al.
(1979). Triplicate samples of homogenized May and June sediments were extracted
according to the methods described in Chapter 3. Gravel and pebbles were excluded
due to their high mass and relatively low contribution to the total surface areas, and
thus reactivity, of the sediments. Additional sequential extraction experiments were
completed on grain-size subsets (fine, medium and coarse) of the two bulk sediments.
Standard deviations for the triplicate samples were never greater than 3.2%. The
results for the different grain size fractions are summarized in Table 4.3.
The distribution of Ni and Fe in the May sediments is shown in Figure 4.3. For all
size fractions, it is clear that the majority of both Ni and Fe are concentrated into the
Fe/Mn oxide fractions of the sediments. Approximately 10 to 20% of the Ni is
associated with the exchangeable fraction of the fine medium and coarse sand. There
is almost no Ni measured in the carbonate fraction of the sediments. Fe distributions
are similar to that of nickel, with most of the Fe associated with the oxides fraction.
In contrast to nickel :Sl % of Fe is found in the exchangeable fraction (Table 4.3).
Very little(< I%) of either the Ni or Fe are found in organics/sulfides or carbonates.
The distribution of Ni and Fe primarily into the Fe/Mn oxide fraction is in agreement
with previous observations, which suggest that heavy metals are typically associated
with this phase (Chao, 1984; Stefanoff and Kim, 1994; Tessier et al., 1982;
Tokalioglu et al., 2000).
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Table 4.3: Ni distribution (µmol Ni/g dry sediment) in the two bulk sediment
samples (May and June) and in the subsets of fine, medium or
coarse grains only as measured using sequential extractions
E.xcrangeabl e

CarbClllates

a Sequential Extractions .Ana/ysis for May, 2004
Concentruiion ofM in µmo/lg
211.76 ±0.17
Fine
74.24 ±0.02
Medium

8.29±0.11

88.920±0.14

Coarse
Concentration ofFe(Il+Ill)in ;gnoVg
Fine
Medium
Coarse

377.44 ±0.007

1138. 58 ±1.59
381.33

5.57±0.15

209.69±0.07

139,074.96±32

209.68±0.03

125,649.85±0.43

22166±0.06

144,590003 ±0.17

221666±0.05

377.44 ±0.007

22167±0.05

39142 ±0.007

223.67±0.05

Medium
Coarse

BDL
BDL
BDL

55.26 ±0.016

Concenli·ation of Fe (II+Ill) in ;m10Vg
fine

7 94 ±0. 34
BDL

5.57±0.043d

49.09 ±0.113

Coarse

1425 09 ±12

Org'!nics

'BDL

� Sequential Extractions .Ana/ysisfor June, 2004
Concentration ofM in ;gnollg
47.083±0.049
Fine
Medium

FelMn
Oxides

95.82±0.02
2182±0.01
88.06±1.05

BDL
BDL
BDL

37744 ±0 07

195.71±0 01

65,039.06±0.02

195.71±0.04

34948±0.124

195.71±0.02

24 ,791.89±043

195.71±0.03

293.56±0.02

167.75±0.01

24.265.65±0.74

167.76±0.03

a Ni results given are the average of three extraction experiments (fine, coarse, medium), each
completed in triplicate
b Fe and Ni and in extraction samples analyzed in triplicate
c BDL - below detection limit of> I ppb
d Average standard deviation
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Figure 4.3: Comparison of a) Ni and b) Fe concentrations from sequential extractions
of the fine, medium and coarse portions of May sediment.
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Figure 4.4: Comparison of a) Ni and b) Fe concentrations from sequential extractions
of the fine, medium and coarse portions of the June sediment.
The distribution of Ni and Fe in the June sediments is shown in Fig 4.4. The
distributions of Ni and Fe in the June sediments are similar to the May sediment in
that Fe and Ni are both concentrated in the Fe/Mn oxide fraction with the exception
of Ni in the medium grain size fraction. In the medium grain size the majority of the
Ni is concentrated into the exchangeable fraction. In contrast to the May sediment,
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the percentage of Ni in the medium and fine grain size is higher (>25%). The iron
distribution is very similar to that from May, with the majority of the iron found in
the Fe/Mn oxide fraction.
The total concentrations (as opposed to percentage distributions) of Ni and Fe
extracted for the various size fractions of both the May and June sediments are shown
in Fig 4.5 (note the logarithm scale). Very similar total concentrations of Fe are
extracted in the fine, medium and coarse fractions samples of the May and June
sediments. Total nickel concentrations are somewhat higher in the fine and medium
sediments compared to the coarse sediments. Total nickel concentrations also show
more variability from May to June than total Fe concentrations; there is considerably
more Ni in the May samples than in the June samples. This result was quite surprising
because initially the May samples were thought to originate from an uncontaminated
portion of the aquifer and the June samples were thought to originate from a
contaminated portion of the aquifer. To confirm our results, samples were sent to
KAR Laboratories, Inc., a premier full service environmental testing laboratory in
Michigan, for analysis. Results from the lab were in agreement with ours. Subsequent
discussions with John Collins at Lacks Enterprise confirmed that both sets of samples
did originate from Ni contaminated areas. Nonetheless all subsequent adsorption
experiments
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were completed usmg the May sediment samples, which are known to have
originated definitely from PW 1 (see Chapter II site Characterization).
NTH Consultants have been contracted to do remediation studies at the Plastic
Plate Plant. They modeled nickel adsorption on the solid fraction of the aquifers,
assuming the solid fraction to be composed primarily of ferrihydrite (John Collins,
personal communications). Figs. 4.3 - 4.5 show that the highest nickel concentrations
are found in the Fe/Mn oxides fraction, suggesting that this 1s a reasonable
assumption.

However the sequential extraction also shows that significant

concentrations of the Ni are also associated with the exchangeables, and to a lesser
degree, with the organics/sulfides fractions. Thus, it is possible that factors other than
adsorption onto or coprercipitiation into Fe oxyhydroxides plays a significant role in
determining the nickel speciation in the aquifer.
4.3

Adsorption Experiments

4.3 .1

Adsorption on Natural Sediments
Metal adsorption in many natural systems has been demonstrated to occur on

Fe/Mn hydroxides or other mineral grains coated with these oxides coatings (Drever,
1982; Dzombak and Morel, 1990; Leckie et al., 1984; Pombo et al., 1989).
Furthermore, as described above, consultants working on the Plastic Plate decided to
develop reactive transport models for Ni in the aquifer by assuming that only
ferrihydrite would provide surface functional groups for Ni adsorption. Thus, in this
study Ni adsorption experiments were completed on the whole sediment, with the aim
of testing this assumption. Nickel adsorption experiments were completed on both the
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homogenized whole sediment (minus the gravel/pebble fraction) and also on the
highest surface area fine-grained sediments (Fig 4.6). The ionic strength dependence
of Ni adsorption onto the sediments was also tested (Fig 4.7) Results of these
experiments were compared with predicted nickel adsorption on ferrihydrite using a
diffuse double layer model with the software JCHESS and using stability constants
for Ni adsorption ferrihydrite from Dzombak and Morel (1990).
Comparative plot of Ni adsorption on different sediment fractions
100

"D

-em

1

1

80

,. . . ... . . . t . .
.

60

0
(.()
"D
ro

z
40
,fl.

,
'
.

f! f.. f. .

...............j .....

'

·····················1··· .. .....-...... ..

,

:

q)

•

. . . . . . . . ... . . !. . ... � ..�. ..P.L�..................!. . . .

20

� ■ ..

i�

ID

.

...........·-···;··

'

..............-...........r····························•······················ ·····�··�·
:

f

. 0

•

r

.................. !......... ,.. _... ,........

�· ·��·�;-�·�;�·;i��t·i�·;·
· · · ·:Fine�·�:·Sedimentfraction

o---�---�--�---�--�--�
2

4

6

8
pH

10

12

14

Figure 4.6. Comparative plot of Ni adsorption as a function of pH on the whole and
fine sediment fractions of the May sediments using the conditions: I = 0.01 M
NaN0 3 , Ni (II) = 1·10-5 M; Sediments = 2g/L.

It should be noted that the amount of the metal ion adsorption by the
sediments was calculated by the difference between the amount of metal added to
experimental controls where no sediments where added, such that the solutions
consisted of NaN0 3 and nickel only. Nickel concentration found in the supernatant of
sediments subjected to the lowest pH values were consistently higher then the
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controls. A control with fine and coarse sediments and DDI showed that 47 ppb
(about 8%) of the total added nickel was coming from the sediments themselves, and
this was compensated for by assuming the first values, at very low pH (~ 2), had 0%
adsorption.
Adsorption experiments using the whole and fine sediments were conducted at
a constant mass per unit solution volume. However, it should be noted that Davis and
Kent (1990) suggest that the best approach for comparisons of adsorption among
various samples is to compare samples on a per surface area (not mass) basis. Coston
et al. (1993) showed that total site density per unit mass could vary by more than 3
orders of magnitude for fine and bulk sediments because of large differences in
specific surface area. The fine sediments, which comprise only about 24% by weight
of the bulk samples in this study, account for about 80% of the total specific surface
area of the aquifer sediment.
As expected, Fig. 4.6 shows that Ni adsorbs preferentially onto the fine,
higher surface area sediments. The greater nickel association with the fine sediments
is attributed to the increased reactive surface compared to the surface area of the
whole sediment. Ni adsorption on the fine sediment fraction increases from <10%
absorbed at pH 2 to more than 90% adsorption at pH 9. A similar same trend has been
observed for lead adsorption on bulk aquifer sediments (Coston et al., 1993; Coston et
al., 1995; Fuller et al., 1996).
One of the methods sometimes used to distinguish inner-sphere ("specific" or
"chemical") adsorption from outer-sphere ("non-specific" or "electrostatic")
adsorption in bulk experiments is to test the ionic strength dependence of metal
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adsorption (Hayes and Leckie, 1986; Davis and Kent, 1990; Zachara et al., 1992).
Metal adsorption will typically decrease with an increase in the concentration of a
background electrolyte for outer-sphere complexes and show little ionic strength
dependence for inner-sphere complexes. This decrease in adsorption is attributed to
charge screening of the surface by the electrolyte and competition for adsorption
between the metal adsorbate and the electrolyte cation. The effect of ionic strength on
Ni adsorption was studied by varying the ionic strength from 0.01 to 0.1M NaN03.
Figure 4.6 shows that adsorption decreases with an increase in ionic strength,
especially at pH > 7, suggesting outer-sphere complexation of the Ni with the
sediment surface.
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Effect of SurtJce Area (SA)
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Fig 4.8: Percentage of nickel adsorbed versus pH. Measured data for the fine
sediments is shown by open circles. Lines show model predictions using JCHESS
with stability constants for Ni adsorption on ferrihydrite from Dzombak and Morel
(1990) using a variety of specific surface areas. Experimental conditions: I = 0.01 M
NaN0 3 , Ni(II) = 1·10-5 M; solids = 2g/L. Measured BET surface area of natural
sediments is 20m2/g.
Figure 4.8 shows a comparison of the experimental data describing the pH

dependence of Ni adsorption on the bulk sediments and predicted Ni adsorption
behavior assuming the same mass of ferrihydrite. Although the BET surface area

measured for the sediment sample is approximately 20m2 /g, predicted Ni adsorption
on ferrihydrite could only approximate the measured data if a surface area of 600m2 /g
is assumed. Even assuming this high surface area, there is very poor agreement
57

between the model prediction and the measured data: measured nickel adsorption
(open circles) increases from <10% adsorbed at pH 2 to greater than 90% at pH 9,
whereas the model (line) predicts no adsorption below pH of 4.5 and 100%
adsorption by pH 8.
Previous studies have shown that adsorption of various metal ions by soils or
sediments is often dominated by ferrihydrite, where the ferrihydrite content was
estimated experimentally from measurement of the extractable iron oxide fraction
(Asthana et al., 1995; Belzile and Tessier, 1990; Kersten and Forstner, 1986; Lena
and Gade, 1997; Payne et al., 1996; Payne and Waite, 1991; Tessier et al., 1989;
Tokalioglu et al., 2000). Although both iron and nickel were predominantly extracted
in the oxides fraction in this study, Fig 4.8 clearly shows that ferrihydrite is not the
only surface substance influencing nickel adsorption.
The adsorption behavior observed is typical of oxides and furthermore in the
sequential extraction the largest concentration of nickel was extracted in the
manganese and iron oxide fraction, suggesting that Mn may plays an important role in
the speciation of nickel adsorption on aquifers. Several studies has argued to that
accord (Manceau et al., 2003a; Manceau et al., 2003b; Peacock and Sherman, 2005;
Tommaseo et al., 2004). Unfortunately, Mn was not measured in the extracted
solutions and no Mn water analyses were available for the groundwater so it 1s
difficult to directly assess potential association of Ni with Mn in these sediments.
Previous studies (GreenPedersen et al., 1997; Laitinen and Zhou, 1988;
Manceau et al., 2003a; Manceau et al., 2003b; Peacock and Sherman, 2005;
Tommaseo et al., 2004) have shown that nickel preferentially associates with Mn-
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oxides rather than iron oxides. Peacock and Sherman (2005) studied adsorption of
+

nickel on birnessite (Na<uCao 1Ko 1Mn4+Mn3 O4 · 1.5(H2O) and goethite (FeOOH).
They demonstrated that nickel preferentially associated with Mn-oxides, according to:
f
>MnOf v' + >Mn2O-1/' + Ni2 + + 2H2O - >Mn2OH2Ni(OH)2-n n-½ + (2-n)H+

(6)

and not with goethite, e.g.,
>2FeOf ½ + Ni2+ + H2O > FeOH2Ni(OH)n n-I + nH
f

+

(7)

where n =O, 1, > indicates a surface functional group and partial charges at the surface
are assumed. Their study, like this one, suggests that the assumption that Ni
adsorption on natural aquifer sediments can be modeled using ferrihydrite data, is
likely poor. It also suggests that adsorption onto other minerals in the aquifer
sediments could be significant.
SCM stability constants are available for Ni adsorption on different substrates
(Table 1.2), however protonation/deprotonation parameters for the solid phases are
not well documented expect for ferrihydrite and silica. For this reason, several
experiments were completed to examine Ni adsorption on other dominant
components of the aquifer sand, specifically silica and kaolinite.
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4.3.2 Ni Adsorption on Silica
The pH dependence of Ni adsorption on synthetic silica was measured as a
function of ionic strength (Fig 4.9).

Comparison of Ni/Silica with Sediments
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Figure 4.9: pH dependent Ni adsorption on silica and fine sediments using the
conditions: I = 0.01 or 0.1 M NaN0 3, Ni (II) = l · 10- 5 Mor 1 · 104 M; silica = 2g/L.
Ni adsorption onto silica appears to increase with an increase ionic strength at
pH>8 which is not expected. Kosmulski (1997) attempted to explain a similar
observation for Ni adsorption on silica, using NaC104 as an electrolyte. The
paradoxical observation of increase adsorption with increasing ionic strength could be
due to the fact that at higher ionic strength surface heterogeneity is induced by the
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high concentration of inert electrolyte while the same surface at low ionic strength is
homogeneous. This also happens when an organic cosolvent is introduced to a
solution, so that the adsorption of nickel increases with high ionic strengths.
A comparison of Ni adsorption on the sediment and Ni adsorption data on
amorphous silica as a proxy for quartz is shown in Fig. 4.9 and Fig. 4.10. Ni
adsorption on silica does not mimic the adsorption behavior of the sediments
perfectly, although the absorbance edges are quite similar; adsorption on both solids
shows a more gradual sloping pH edge than is predicted for adsorption on
ferrihydrite. Silica shows the same ionic strength dependency as the fine sediments at
high pH, >8. Comparing silica to natural sediments in 0.01M NaN03, silica absorbs
50% of the nickel at pH 9 while the natural sediment adsorbs 50% at a pH of 7. In
general, at a given pH, there is more adsorption on the sediments than on the same
mass of silica. The ionic strength dependency of Ni adsorption on silica is similar to
that of Ni adsorption on sediments; adsorption increases with decrease in ionic
strength. It should also be noted that the silica has a N2 BET surface area of 9.4 m2/g,
nearly half that measured for the fine sediments (20m2/g). Therefore, it should be
expected that more adsorption would occur on the sediments at a given pH than on
the same mass of silica, even if most of the sediment adsorption occurs on silica
surfaces.
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Kosmulski (1997) provide double layer SCM data obtain for the adsorption of
nickel on silica. Predictions from their stability constants for Ni adsorption on silica
are compared with experimental data from this study (Fig 4. I 0).
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silica = 2g/L; SA = 20m2 /g.

62

The surface reactions and stability constants from Kosmulski (1997) are:
SiOH2+

+---+

+

Si-OH+ H .............K 1 = -7.23

SiOH +---+ Si-O-+ H

+

(9)

..............K2 = -5.71

(I 0)
SiOH+ Ni2

+

+---+

+

SiONt + H ......K3 = 0.32

(11)In Fig 4.10 shows that the model predicted edge sediment edge reasonably
well at pH 8 and above. However, predicted edges for adsorption on pure silica
provide a poor approximation of our measured data. Predicted adsorption is > 2
orders of magnitude larger than observed in experiments at both ionic strengths.
Contrary to our data, the model predicts that decreasing adsorption with increasing
ionic strength, which is expected. Furthermore, the model was also run using a
surface area of 9.4 m2/g, which is the BET measure surface area for silica, and it
produced essentially the same curve. Nonetheless, similarities in the shapes of the
silica and sediment edges, particularly at high pH (>8) suggest that silica may
significantly influence the partitioning of nickel in the aquifer. However, it also seems
safe to reason that although quartz is the dominant fraction by weight of the sand
fraction, adsorption of nickel on silica alone is not sufficient to account for the overall
adsorption behavior observed for the natural sediments.
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Figure 4. I I: Effect of changing the concentration of Ni or ionic strength of the
background electrolyte on Ni adsorption onto silica. Experimental conditions: I =
0.01 or 0.1 M NaN 0 3, Ni (II) = 1·10-5 M or 1 · l 04 M; silica = 2g/L.

Experiments were also completed to examine the effect of adsorbate/adsorbent ratio
on Ni adsorption (Fig. 4. I I). Generally an increase in the concentration of the
adsorbate relative to adsorbent means a decrease in the adsorption of the metal ion in
part because the finite potential adsorption sites will eventually fill up (Kinniburgh
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and Jackson, 1981). This limits the chance that a given metal ion in solution will
impinge on the surface and find a vacant site available for adsorbption. In Fig 4.11
the opposite adsorbed behavior is observed for our experimental resul�s, showing an
increase in adsorbed Ni as nickel concentration increases; this is unexpected and the
data is difficult to explain. It implies that there are still available surface sites for
reaction when the concentration of Ni is increased from 1· 1o-5 M to 1· 1o-4 M of nickel.
However, the predicted model data do depict typical adsorption dependence on
adsorbate concentration, as noted by Kinniburgh and Jackson (1981).

4.3.3 Nickel Adsorption on Kaolinite
Figure 4.12 shows the measured pH dependence of Ni adsorption on kaolinite
at two adsorbate/adsorbent ratios. There appears to be more uptake of the lower
concentration of adsorbate at low pH values, but less at high pH values. The cause of
this behavior is not clear. The dependence of kaolinite on ionic strength (0.01 or 0.1M
NaNO 3 ) can be seen in Figure 4.13. In contrast with data collected for silica, Ni
adsorption on kaolinite is not very sensitive to ionic strength except at acid pH. At
low pH values, adsorption decreases with increased ionic strength, consistent with
formation of outer-sphere Ni complexes at the kaolinite surface.
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Effect of changing concentration of Ni on Kaolinite
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Figure 4.12: Effect of changing the concentration of Ni on Ni adsorption onto
kaolinite. Experimental conditions: I = 0.01 MNaNO 3, Ni (II) = l · l 0- 5 Mor l · l 04 M;
kaolinite = 2g/L.

66

Comparison of Adsorption of Ni/Kaolinite with sediments
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Figure 4.13: Adsorption of Ni on kaolinite and fine sediments as a function of pH,
using the conditions: I = 0.01 or 0.1 M NaNO3 , Ni (II) = 1 x 10·5 M; solids = 2g/L
unless specified differently.
The adsorption edges for kaolinite and the sediment are quite similar in shape
(Fig. 4.13), particularly at low pH in 0.01M NaNO3 . The BET surface area for
kaolinite (25 m2 /g) is close to that of the sediments (20m2/g), thus one would expect
similar adsorption edges or slightly higher adsorption for kaolinite for experiments
such as these, which use the same mass of material. These data suggest that kaolinite
(or other clays) may play a role in Ni adsorption on the sediments, particularly at low
pH.
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It is also possible that the adsorption behavior of nickel at low pH is due to the
presence of organic matter. Organic matter was measured on the bulk sediments using
the loss of ignition (LOI) method of (Craft et al., 1991). Briefly, sediment samples
were weighed before and after heating in a crucible at 550 °C for 2 hrs. Organic
content can then be estimated using the following equation:
Org C = (0.40 ± 0.01) LOI+ (0.0025 ± 0.0003) LOJ2

(8)

where LOI = the weight loss on ignition. This is a crude measure of organic matter
content because dewatering of clays can also contribute to the LOI, leading to an
overestimate of the organic carbon content. A conservative value of <1.8% organic
carbon was measured using Eqn (8). Even at very low concentrations, organic matter
might play an important role in adsorption, particularly if the organic matter is finely
dispersed in the sediments and highly reactive with Ni.

Previous studies have

demonstrated that heavy metal adsorption is enhanced in the presence of organic
matter (Fein et al., 2001a; Papini et al., 2004; Stollenwerk, 1994).

4.3.4 Ni Adsorption on Sequentially Extracted Natural Sediments
In spite of the difficulties (see above), operationally defined sequential
extraction procedures can provide valuable insights regarding metal distributions in
natural systems. These methods also hint at which of the various solid fractions are
likely to be reactive with a given metal (Tessier et al.., 1979; Riemsdjik and Hiemstra,
1993). In the experiments described above, Ni adsorption on the bulk sediments is
compared to Ni adsorption on single minerals. It may be possible to derive additional
information about the components that contribute to the bulk adsorption edge by
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completing adsorption experiments on the bulk sediments after a series of extractions
have been completed to remove various fractions one at a time (Coston et al., 1995;
Fuller et al., 1996). This approach was used to study Ni adsorption on the natural
sediments. Briefly, a series of sequential extractions were completed on four initial
samples of the sediment. After removal of the exchangeables; exchangeables and
carbonates; exchangeables, carbonates and oxides or exchangeables, carbonates,
oxides and sulfides/9rganics from these initial samples, the pH dependence of Ni
adsorption on the remaining sediment was tested. The results of this experiment are
shown in Fig. 4.12.
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Adsorption of Ni on extracted fractions
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Figure 4.14: pH dependent Ni adsorption on fine sediments after completion of each
sequential extraction step using the conditions: I = 0.01 M NaN03, Ni(II) = 1·10·5 M;
Sediments = 2g/L.
After extraction of only the "exchangeable" fraction, Ni adsorption increases
relative to the original sediment (filled circle versus unfilled circles). Because this
extraction step is intended to strip ions from the sediment surface, it should increase
the available sites, and therefore increase Ni adsorption, as observed. The carbonate
fraction is removed next, resulting in a significant drop in Ni adsorption (diamonds).
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Because there was little or no Ni associated with the carbonate fraction in the
contaminated sediments (Fig 4.3), this sharp drop is quite unexpected. After removal
of the next fraction, Fe/Mn oxides, there is recovery of the adsorption capacity of the
sediments, although overall capacity is diminished relative to the original sediment,
as would be expected if significant Ni adsorption occurs on the Fe/Mn oxides
removed in this step. Removal of the organic and sulfide fraction further diminishes
the Ni adsorption capacity of the sediments. The adsorption capacity remaining after
all four extraction steps suggests that silica and clay minerals could also contribute to
Ni adsorption in this aquifer, particularly at pH<6. The unexpected drop in Ni
adsorption capacity after removal of carbonates, together with the recovery of that
capacity after removal of the oxides, points to difficulties in controlling for sediment
heterogeneity. Because the experiments were completed .on four separate initial
batches of sediments subjected to varying numbers of extraction steps, rather than one
large batch of sediment sequentially extracted with removal of subportions for
adsorption experiments, sample heterogeneity may be responsible for some of the
observed behavior.
Coston et al. (1995) and Fuller et al. (1996) observed that extracting aquifers
sands for 0.5hrs using a reagent designed to remove amorphous hydroxides, does not
appreciably alter Pb

2

+

adsorption on the sediments. However, after 96 h Pb2 + and

+

Zn2 adsorption do decrease significantly. As in this study, they suggest that FMO
surfaces in aquifer sand have a great influence on heavy metal speciation. They also
observed decreases in Zn2+ adsorption on aquifer sand after extraction with 4M HCl
designed to assess the effect of partial dissolution of Fe-and Al-bearing minerals on
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metal ion adsorption, agam suggesting that FMO 1s an important solid phase m
natural systems.
4.4

pH Drift
Adsorption of metal ions in natural systems is strongly influenced by pH. The

effect is predominantly caused by changes in the surface potential of reactive solid
phases with pH and also changes in the competition between protons and metal ions
for the same adsorption sites as pH is varied (Riemsdjik and Hiemstra, 1993). In the
pH-drift method, the adsorption experiments are adjusted with HN03 , for backward
titration, or NaOH, for forward titration, aliquots at desired pH ranges are
subsequently removed, placed on a shaker, allowed to react for 24 hours and the pH is
remeasured to record the pH drift.
The pH drift is not the same as the equilibrium pH dependent adsorption
phenomena described above, but rather depends on the kinetics of the reaction and
whether other reactions (e.g. dissolution or precipitation) are occurring. To measure
the equilibrium reaction, the aliquot is taken after addition of acid or base to the bulk
slurry and this solution is allowed to equilibrate as surface reactions take up or release
protons.
A comparison of the pH drift during Ni adsorption experiments on natural
sediments, silica and kaolinite is shown in Fig. 4.15. Coston et al. (1995) observed,
after addition of metal stock and pH adjustment solutions, that the pH was
consistently lower in the beginning of experiments than the final pH measured after
48hrs. They attributed the variation of pH, as much as0.6-1.2 units, to variable
amounts of dissolution of the mineral surfaces. The pH measurements for our
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experiments after 24 hours shows the same trend as observed by Coston et al. (1995),
however the difference in pH at pH 5-9 was variable. The range of pH drift after 24
hrs was similar for the three solids, ranging from 0.03 to 0.96 for natural sediments,
0.05 to 1.27 for silica and 0.03 to 1.07 for kaolinite. The pH drift was the highest for
silica at a pH of 9. Increases and decreases of final pH compared with initial pH were
observed particularly for the pH 5-9 range, especially for Ni adsorption onto silica.
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Figure 4.15. pH drift for Ni adsorption onto sediment, silica and kaolinite after 24
hours on a shaker using the following conditions; I = 0.01 M NaNO 3, Ni(II) = l · 10· 5
M; solids = 2g/L.
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CHAPTER V
CONCLUSIONS
Adsorption of ions in natural systems is quite complex and at present not
completely understood. In this study the speciation of nickel in contaminated aquifer
sediments was examined using a combination of sequential extraction measurements,
to identify the distribution of Ni in the solid phases of the sediments, and adsorption
experiments, to aid predictions of chemical interactions between dissolved Ni ions
and aquifer sediments.
Sequential extractions removed Ni from five operationally defined solid
fractions:

exchangeables, carbonates, oxides, sulfides/organics and residual.

Extractions were completed on the bulk sediments, as well as on separate grain size
fractions (coarse, medium and fine). Extraction results showed that Ni is dominantly
distributed into the Fe/Mn oxide (FMO) fraction of the aquifer sediments. Ni
concentrations are consistently higher in the fine size fraction compared to medium
and coarse fractions. Considerable Ni (up to 67%) was measured in the exchangeable
fractions, more so in sediments collected in June than in samples from May.
Measureable, but small (up to 1.2%) concentrations of nickel were also extracted
from the organic and sulfide fraction of both the coarse and fine sediments. The
carbonate fraction generally has nickel concentrations below detection limits. Fe
distribution in the five defined solid fractions is similar to that of Ni, except that Fe is
dominantly distributed in the FMO, as might be expected because this sequential
extraction step is meant to remove predominantly Fe/Mn oxides from sediments.
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Consultants developing remediation strategies for the contaminated site
modeled nickel adsorption on solid fraction of the aquifer, assuming ferrihydrite as
the only adsorbent. This seems to be a reasonable assumption when the extraction
data are considered, because nickel and iron is associated mainly with the FMO
fraction. Of course, this assumption ignores the potential contribution of nickel
adsorption on other surfaces in the aquifer, which are assumed to be insignificant
compared to the FMO fraction.
To test this assumption, the pH dependence of Ni adsorption on the aquifer
sediments was measured and compared to predictions for adsorption onto ferrihydrite
using DLM SCM parameters from Dzombak and Morel (1990). These experiments
showed that ferrihydrite alone cannot account for the observed adsorption of Ni on
the sediment samples, suggesting that other solid phases, e.g. Mn oxides, silica, clays
or organic matter, likely have a significant influence on the speciation of nickel in the
aquifer.
Sequential extractions showed that nickel is mainly distributed in the FMO
fraction, but this and previous studies suggest that the presence of Mn oxides may
have a significant influence on Ni adsorption. Furthermore, it has been shown that Ni
preferentially adsorbs on MnO2 rather than on goethite. Although several studies
have been completed regarding Ni adsorption on Mn oxides, surface complexation
stability constants for this reaction are not available in the current literature. Thus, it
is difficult to quantify the potential influence of manganese oxides on the adsorption
observed in this study for bulk sediments. Additionally, Mn was not measured in the
sequential extraction experiments. It would be useful to quantify Mn speciation
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together with Ni in future work; derivation of Ni adsorption parameters for adsorption
on Mn oxides is also recommended.
Ni adsorption on the bulk sediments was also compared with measured and
predicted data for Ni adsorption on silica and kaolinite. Although silica can account
much of the observed nickel adsorption at high pH (> 8), it cannot account for
adsorption behavior at lower pH values. Ni adsorption on kaolinite can also account
for Ni adsorption on sediments at high pH. At low pH 2 to 4, nickel adsorption on
kaolinite is quite similar to that of nickel adsorption on sediments. However kaolinite
data cannot explain the adsorption of nickel on sediment over the entire pH range.
Previous studies have shown an increase in nickel adsorption in the presence
of organic matter. Although the total organic matter content in the aquifer is low,
organic matter has been noted to have a high reactive surface area, thus, a small
quantity of organic matter could potentially have a significant effect on Ni uptake by
the sediment material. Ignoring such interactions in reactive transport models can lead
to inaccurate partition coefficients and a disagreement between model data and
experimental data as seen in our studies.

However, adsorption studied on the

sequentially extracted fractions showed that organic matter is almost insignificant
since no great loss of adsorption capacity were observed after removal of the
sulfides/organics fraction.
The adsorption studies indicate nickel partitioning in aquifer sediments can
only be accurately predicted if all of the significant adsorbents are used to make
predictions. Although it is impossible to quantify all adsorbents in natural sediments,
sequential procedures may suggest which are the most important adsorbents in a
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given set of sediment samples. In these studies it is clear that nickel does partition in,
apart from the FMO, organics or sulfides and exchangeable fractions. Another
important factor influencing nickel adsorption onto the sediments is the grain size;
fine sediments are the least abundant (>5%) by weight but account for most of the
reactive sites (BET SA± 20 m2 /g).
These results demonstrate the complex nature of adsorption on natural
sediments, a complexity that arises because natural systems are a mixture of
heterogeneous mixtures of adsorbents such as FMO and organic matter. However the
results do indicate that sequential extraction and metal adsorption studies may
provide important information to guide remediation efforts at contaminated sites. This
could be further improved in future work by collecting from multiple sample
locations within the aquifer to ascertain that samples are sufficiently representative of
the entire system of interest. Sample locations should also be well documented to
demonstrate whether results are representative of the entire aquifer or only particular
zones of the aquifer. Studies including expanded ranges of Ni concentrations and
considering other adsorbents, especially MnO2, are the way ahead. Attempts to model
nickel adsorption data on silica and kaolinite are underway and will also aid
development of quantitative models of this aquifer and many other natural systems.
Future work might also take advantage of recent advances in spectroscopy, such as
EXAFS or XANES, in order to better quantify Ni distributions in aquifer sediments.
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B.1

Adsorption Data for Natural Sediments

Adsorption of Ni on natural sediments
Sediments 2 g/L
Ni cone: 1* 10-5M
Ni cone: 1* 10-5M
Fine Sediments
Fine Sediments
NaNO3 = 0.1M
NaNO3 = 0.01M
pH
% NI
pH
%N1
1.87 6.29406
1.98 6.2198
2.34 19.8609
2.5 14.004
3.32 24.7014
3.01 18.276
4.32 25.2604
3.71 20.348
5.04 27.1331
4.58 21.98
6.2 36.1224
5.04 25.187
6.92 43.3501
5.61 32.113
7.28 47.2764
6.21 36.482
7.99 55.4781
6.85 48.51
8.65 64.4904
7.12 54.173
9.34 73.5347
7.64 70.008
10.12 78.0631
8.18 80.157
11.03 83.8159
8.36 86.626
11.84 86.1636
8.58 88.436
12.15 87.0843
9.32 92.123
12.5 88.332
9.83 94.136
10.45 95.563
11.02 95.876
12.05 98.269
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Ni cone: 1* 10-5
Exchangeables
NaNO3 = 0.01M
pH
%N1
1.93
0
2.13 8.92904
2.47 16.0102
3.21 16.6525
4.02 19.3243
4.14
22.005
4.91 30.1701
5.78 41.9823
6.31 54.2001
6.73 60.4498
7.29 68.8835
7.67 72.8147
8.49 83.3185
9.07 87.9825
8.85 87.0292
9.36 88.2658
9.73
87.85
10.13 89.3557
10.62 92.0288
11.19
92.976
94.044
12.01

B.1

Adsorption Data for Natural Sediments (Continued)

Ni cone: 1* 10-5M
Organics
NaNO3 = 0.01M
pH
%Ni
2.08 7.56127
2.53 15.9303
3.06 17.7071
3.43 18.0319
4.2 18.6856
5.01 20.3695
5.63 21.9279
6.11 24.7526
7.24 32.5918
8.13 40.4295
8.8 48.0707
9.35 57.5807
9.91 67.1885
10.08 69.7145
10.7 86.3839
11.02 88.4432
11.55 88.488
12.07 88.6126

Ni cone: 1* 10-5M
Fe/Mn Oxide
NaNO3 = 0.01M
pH
%Ni
1.94 11.632
2.07 12.131
2.55 17.008
3.06 22.541
3.64 22.865
4.13 23.461
4.85 25.197
5.52 26.686
5.94 33.536
6.36 39.379
6.92 45.788
7.36 50.71
7.98 58.748
8.75 68.186
9.22 73.202
10.02 81.139
10.33 83.041
11.07 85.913
12.02 90.013
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Ni cone: 1* 10-5M
Carbonated
NaNO3 = 0.01M
pH
%Ni
0
1.9
2.03 0.50436
2.92 3.32192
6.3309
3.11
3.67 5.14484
4.15 6.51946
4.63 8.01272
5.01 7.12103
5.59 8.03727
6.04 8.00533
6.77 19.0284
7.17 25.3083
7.5 27.4403
7.55 28.7813
8.09 38.6894
8.74 46.2507
9.02 54.8372
9.46 60.0661
10.13 77.2721
10.67 81.7543
11.08 81.8585
12.02 86.0662
12.21 88.6257

B.2

Adsorption of Ni on Silica

Adsorption of Ni on silica
Sediments 2 g/L
Ni cone: 1 * 10-5M
Fine Sediments
NaN03 = 0.1M
pH
%NI
0
0
1.96 6.577248
2.14 7.030172
2.56 7.154437
3 8.127603
3.36 9.997347
4 10.02852
4.51 11.2747
5.32 11.78456
5.87 14.45775
6.11 14.48225
7.44 15.4669
8.11 15.93234
9.21 17.25349
9.91
19.804
10.36 21.68773
10.86 29.64514
11.05 47.14215
11.15 60.29953
11.94 75.42959
12.26 80.90312

Ni cone: 1 * 10-4M
Fine Sediments
NaN03 = 0.01 M
%NI
pH
0
0
1.98 2.22736
2.21 2.36747
2.76 3.8936
3.14 6.21892
3.87 7.35698
4.02 9.10491
4.6 17.9281
5.12 21.9042
6.65 30.7292
6.86 31.5646
7 33.4657
7.35 37.4747
8.79 62.8786
9.56 70.2462
10.32 73.3014
10.65 75.6903
10.99 77.5362
11.49 77.6037
11.08 79.8517
12.03 80.3237
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Ni cone: 1 * 10-5
Fine sediments
NaNO3 = 0.01 M
%NI
pH
0
0
1.88 0.965603
2.08 2.5663624
2.52 2.7697311
3.32 3.3122328
4.08 3.5469704
4.1 4.207845
4.8 5.4788396
5.49 6.8028211
6.19 8.2387495
6.7 10.248633
7.23 15.222579
8.19 25.433669
8.83 33.245599
9.09 51.165902
9.43 65.505401
9.86 79.444177
10.11 82.216489
10.63 82.703325
10.75 82.944855
12.02 83.409413
12.25 83.476062

B3.

Ni adsorption on Kaolinite

Adsorption of Ni on Kaolinite
Sediments 2 g/L
Ni cone: 1* 10-5M
Fine Sediments
NaNO3 = 0.1M
% Ni
pH

Ni cone: 1* 10-5
Fine Sediments
NaNO3 = 0.01M
%Ni
pH

Ni cone: 1* 10-4M
Fine Sediments
NaNO3 = 0.01M
%Ni
pH

0

0.000

1.97

0.025

1.93

0.000

1.98

7.699

2.06

0.206

2.13

8.929

2.64

13.577

2.6

0.366

2.47

16.010

3.19

5.713

3.02

13.584

3.21

16.653

3.69

5.738

3.48

1.033

4.02

19.324

3.86

14.534

3.91

1.471

4.14

22.005

4.34

15.043

4.48

4.723

4.91

30.170

4.65

15.583

5.06

5.599

5.78

41.982

4.96

15.671

5.48

8.064

6.31

54.200

5.36

16.547

5.98

8.973

6.73

60.450

6.06

18.661

6.66

10.115

7.29

68.884

6.63

21.495

7.16

13.506

7.67

72.815

7.15

21.645

8.12

17.660

8.49

83.318

7.62

26.600

8.64

42.700

9.07

87.983

8.13

30.000

9.32

51.104

8.85

87.029

8.76

39.900

9.99

56.931

9.36

88.266

9.6

50.800

10.29

62.703

9.73

87.850

10.14

64.700

11.1

89.323

10.13

89.356

10.41

72.800

11.54

89.512

10.62

92 029

10.92

80.000

12.03

89.746

11.19

92.976

11.07

84.000

13

94.064

12.01

94.044

11.52

87.926

12

88.422
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